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Abstract 

Fast fluidized bed (FFB) is widely used in coal combustion and gasification, fluid 

catalytic cracking and Fischer-Tropsch synthesis due to its high efficiency in gas-solid 

reaction, heat and mass transfer. There have been extensive investigations regarding the 

fundamentals of gas-solid flow characteristics on fast fluidized bed. However, the lack 

of understanding on meso-scale structure, e.g. cluster behaviour in fast fluidized bed, 

especially for handling Geldart B particles, causes difficulties in design and 

optimization of fast fluidized bed systems. It is of paramount importance to understand 

the dynamics of the fast fluidized bed at a meso-scale and the repercussions of their 

behaviour for the overall system efficiency. 

This study focuses on the investigation of cluster behaviour in fast fluidized bed 

through both experimental and numerical simulation approaches. A physical model of 

fast fluidized bed with the riser height of 3 meters and diameter of 100 mm was setup 

and a corresponding three dimensional numerical model was also developed within this 

study. The influences of operating conditions, including static bed height and 

superficial gas velocity on flow structure in fast fluidized bed were comprehensively 

studied. Five flow patterns in fast fluidized bed were distinguished, and the criterion 

and typical flow structures were proposed for categorising these flow patterns. The 

influences of superficial velocity and solid mass flux on solid volume fraction and 

gas-solid slip characteristics were also studied, revealing the relationship between the 

flow characteristics and the corresponding operating conditions. Moreover, based on 

the image and pressure analysis, typical flow patterns in high speed fluidization were 

characterised, and the fitting transition velocities for these patterns were developed. 
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The cluster measurement system which consists of cluster visualization system and fast 

fluidized bed system was established, and a software algorithm underpinned by 

MATLAB platform was developed to identify and measure particle clusters. 

Consequently, four types of particle cluster in the riser were observed; their 

characteristics, formation and evolution process were also investigated individually as 

well as the effects of operating conditions and particle characteristics on particle 

clusters properties.  

A three-dimensional Eulerian-Lagrangian numerical model was established within this 

study by applying the multi-phase particle-in-cell (MP-PIC) methodology, the 

boundary conditions and simulation method were applied for fast fluidized bed 

handling Geldart B particles. The sensitivity of some crucial modelling parameters, 

such as grid resolution, the number of particles per parcel, the drag force model and the 

particle close pack volume fraction have been systematically analysed, and optimized. 

The full-loop numerical simulation of three-dimensional fast fluidized bed, including 

the riser, two-level cyclones, downer and J-type back-feeder was achieved.  

The gas-solid flow characteristics of fast fluidized bed under different operating 

conditions were obtained by numerical simulation method. Three typical patterns of 

particle cluster in three-dimensional fast fluidized bed riser were captured by 

simulation method, and the cluster properties, i.e. solid volume fraction and velocity of 

particle cluster in the riser were characterised, which clearly illustrated the evolution 

process of particle cluster in the fast fluidized bed. 
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1.1 Introduction 

Fast fluidized bed (FFB) is high efficient equipment widely used for gas-solid contact 

and mass and heat transfer. The study of fast fluidization starts from 1940s at the 

beginning of fluidization technology, which is used in industry for Sasol 

Fischer-Tropsch synthesis reactor from late 1950s[1]. As the fast fluidized bed offers a 

variety of economic and environmental advantages over conventional fluidized beds 

due to its strong gas-solid contacts, efficient mass and heat transfer and flexible 

operations, it has been widely used in many industries, e.g. petroleum, chemical, 

mineral, environmental and energy industries[2]. 

In the industrial application of fast fluidized bed, many problems are raised by the 

inhomogeneous of gas-solid flow caused by particle clusters, e.g. it is difficult to 

achieve uniform and ultrashort time contact between the oil gas and catalysts due to the 

severe inhomogeneous particle distribution and back-mixing in the catalytic cracking 

process[1]. In coal gasification industrial application, the core-annular structure in 

circulating fluidized bed leads to intensively momentum transfer between particles, 

which promotes the efficiency of the reactor [1]. Therefore, the understanding of 

gas-solid flow behaviour in fast fluidized bed is of significant importance. 

Particle cluster was first proposed to study the high slip velocity in the gas-solid 

fluidized bed[4], refers to the aggregation of particles, which exists in many fluidization 

processes. Particle clusters can be observed in many fluidizing processes, including 

bubbling bed, riser and jets[5]. Particle clusters have significant influence on the 

gas-solid flow characteristics in fast fluidized bed, e.g. the particle mixing, entrainment 

and heat and mass transfer [6], which directly affects the gas-solid diffusion, axial and 

radial particle distribution, flow direction of particles. Thus the operating conditions of 
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fast fluidized bed are directly influenced by particle clusters. Therefore, an effective 

identification and enhanced understanding of evolutionary processes of particle cluster 

are crucial to the design, optimization, and operation of fast fluidized bed system[7]. 

Because of complexity in forming mechanism and difficulty in measure of particle 

clusters in the fast fluidized bed, it is still a very challenging issue in multiphase flow. 

so far, there is no unified definition and understanding of the structures and 

classification of particle clusters, and the profound study of the characteristics and 

evolutionary processes of particle clusters is still underdeveloped. Moreover, most of 

the models of particle clusters adopted in numerical simulation are empirical formulas, 

the understanding of the mechanism of particle cluster formation is still not clear. 

 

1.2 Industrial application of fast fluidized bed 

1.2.1 Coal combustion 

Since the first industrial application of circulating fluidized (CFB) bed boiler in 1979, 

the CFB boiler has been widely used. Despite the advantages of the 

excellent adaptability to various fuel (e.g. different coals, biomass and wood), flexible 

operation and high efficiency in heat and mass transfer, the use of CFB boiler can 

ensure the sufficient combustion of fuel with low heat value and reduction of 

NOx emissions and desulfurization cost, which is environmental friendly. Fig.1-1 is the 

schematic diagram of coal combustion of Foster Wheeler CFB boiler. The two stage air 

supply system is usually used in CFB boilers, the 40%-80% of the total air volume is 

provide by the primary air, while the secondary air provide about 20%-60% of the air, 

and the superficial gas velocity is approximately 5-10 m/s. The solid volume fraction 

under secondary air inlet is very high, and gas-solid flow is turbulent even bubbling 
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flow, while the gas-solid flows above that inlet usually are the fast fluidization or dilute 

phase flow. 

Fig.1-1Schematic of coal combustion of Foster 

1.2.2Coal gasification 

Coal gasification is an important

converts the primary energy 

gasification can provide (coal) gas, hydrogen and c

low efficiency of carbon conversion in conventional bubbling
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In recent years, the Integrated Gasification Combined 
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the flow chart of IGCC system.
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Fig.1-2Flow chart of IGCC system[2] 

 

 

1.3 Objective of the research 

1.2.1 Experimental work 

The main object of the experiment work is to investigate flow structures and transition 

patterns in the fast fluidized bed handling Geldart B particle, and proposes the flow 

regime map of the fast fluidized bed. Moreover, characterize the influence of 

operating conditions and particle properties on the flow characteristics. 

Meanwhile, the thesis is aim at establishing an accurate approach to identify and 

characterize the particle clusters in fast fluidized bed, and indicate the cluster 

structures and behaviours under different operating conditions. 
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1.2.2 Simulation work 

The simulation work is aim at revealing the flow characteristics and cluster structure 

of a three-dimensional full-loop fast fluidized bed by MP-PIC method, and to 

investigate the evolutionary processes of the cluster behavior by simulation method. 

 

1.4 Outline of the thesis 

Based on the above analysis, the thesis has 7 chapters and the outline of each chapter 

is listed as follow: 

Chapter 1 introduces the background of industrial application of fast fluidized bed, 

and the importance of this study on the flow behavior of fast fluidized bed, and the 

purpose of the present research.  

Chapter 2 provides an in-depth literature review of the experimental study and 

numerical simulation on the flow structure and transitions in the fast fluidized bed and 

the cluster behavior within it, and summarized the research gaps of previous studies. 

The work has been published in Journal of Engineering Thermophysics, 2015, 

36(11): 2403-2406. (catalogued by EI). 

Chapter 3conducted experiments in the flow patterns and transitions of a 

three-dimensional fast fluidized bed, and depicted a flow regime map in fast fluidized 

bed handling Geldart B particles. The influence of operating conditions on solid 

volume fraction and the gas-slip characteristics were discussed. The achievement has 

been published in Chinese Journal of Chemical Engineering, 2017, 25(9): 

1153-1162.(catalogued by SCI&EI,IF = 1.174) 

Chapter 4 established a visualization system and developed a binary image processing 

methodology to analyze identified particle clusters in the fast fluidized bed riser. 

Cluster characteristics including cluster structure, size and distribution feature were 
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discussed. Related work has been published in Canadian Journal of Chemical 

Engineering, 2014, 92(6): 1150-1159. (catalogued by SCI&EI,IF = 1.356). 

Chapter 5 applied the Eulerian-Lagrangian approach based on MP-PIC method to 

simulate a fast fluidized bed with seal loop. The modelling parameters, including grid 

resolution, the number of particles per parcel, the drag model and the particle close 

pack volume fraction have been systematically analysed and optimized. The work has 

been published in 10th World Congress of Chemical Engineering International 

Symposium on Spouted Beds, Barcelona, Spain, 2017 and 3rdInternational 

Symposium of Fluids and Thermal Engineering,Ningbo, China, 2017. 

Chapter 6 simulated the flow characteristics and cluster structure of a 

three-dimensional full-loop fast fluidized bed by MP-PIC method. The influence of 

operating conditionsincludingsuperficial gas velocity, seal loop aeration rate and their 

influences on the flow behavior was discussed. Moreover, the distribution of solid 

volume fraction and velocity of particle cluster were investigated. The work has been 

published in Journal of Chemical Industry and Engineering (China), 2018, 

69(8):3443-3451. (catalogued by EI). 

Chapter 7 concluded the whole work and discussed the strengths and limitation of the 

current research program, and recommendations for further study in the related area 

were provided. 
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As the application of fast fluidized bed is increasing popular in recent years, the 

research of its flow characteristics, especially for the meso-scale structure also 

increases. However, most of previous studies were conducted by Geldart A particles for 

chemical engineering, while the research on flow characteristics handling Geldart B 

particles is limited. Moreover, the understanding of structures and behavior of particle 

clusters in fast fluidized bed is still lacking. The research progress will consist with the 

experimental and modelling study on particle cluster behaviour in the fast fluidized 

bed. 

 

2.1 Experimental study 

The flow patterns and transition in fast fluidized bed is crucial to the industrial design 

of fast fluidized bed system. The flow characteristics of fast fluidized bed changes 

with operating condition, resulting in different residence and mixing time of the 

particles in the reactor and determines the efficiency and productivity of the reactor. A 

series studies on the flow characteristics have been carried out in recent years. 

Bi et al.[8] study the flow regime transition and proposed a flow regime map with 

decreasing superficial gas velocity and constant solid mass flux, including 

homogeneous dilute-phase flow, core-annular dilute-phase flow and fast fluidization. 

Moreover, a flow regime maps are proposed with Gs/p and ug. The homogeneous 

dilute-phase flow is the gas-solid flow with little axial particle gradient and no particle 

streamers in the wall region. The core-annular dilute flow is the gas-solid flow with 

low axial particle gradient and high radial voidage gradient. The fast fluidized regime 

is characterized by a concentration profile consisting of a dense bottom zone and 

dilute upper zone. The minimum pressure-drop point ump denotes the transition from 
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homogenous dilute flow to core-annular dilute flow, and the Type A choking velocity 

uca is used to define the transition from core-annular flow to fast fluidization. 

𝑢୫୮ = 10.1(𝑔𝑑୮)଴.ଷସ଻(𝐺ୱ/𝜌୥)଴.ଷଵ଴(
ௗ౦

஽
)ି଴.ଵଷଽ𝐴𝑟ି଴.଴ଶଵ                      (2-1) 

௨ౙ౗

ඥ௚ௗ౦
= 21.6 𝐴𝑟଴.ଵ଴ହ(𝐺ୱ/𝜌୥𝑢ୡୟ)଴.ହସଶ   (2-2) 

where g is the gas density (1.2kg/m3), dp is the average particle diameter and Ar is the 

Archimedes number. 

Grace et al.[9] proposed the dense suspension upflow (DSU) as a new label for the flow 

regime of high-density circulating fluidized bed (HDCFB), using the dimensionally 

consistent equation for the onset of DSU: 

𝑢ୈୗ୙ = 0.0113𝐺ୱ
ଵ.ଵଽଶ𝜌୥

ିଵ.଴଺ସ(µ୥𝑔(𝜌୮ − 𝜌୥))ି଴.଴଺ସ(2-3) 

where g is gas viscosity. 

Similarly, Gupta (1998)[10]proposed: 

𝑢௙ௗ = 12.55
µౝ

ఘౝௗ౦
(

ீ౩

௨౪ఘౌ
)଴.ହହ𝐴𝑟଴.ଷ଺ (2-4) 

where ut is particle terminal velocity. 

Kim et al.[11]divided the fast fluidization regime into the fast transition region and fully 

developed fast fluidization region, and proposed a demarcation line between them. Kim 

et al.[12]considered the influence of height, and use up/ut  and (ug/)ut to provide a 

demarcation between the flow regimes, where (ug/)utis the ratio of average absolute 

gas velocity to the terminal particle velocity of particles. Fast fluidization is defined by 

net downflow at wall, dense suspension upflow is net upflow at wall and p0.07 and 

the dilute pneumatic conveying is net upflow at wall andp0.07. 

As in Fig.2-4, boundary between the fast fluidization and the pneumatic transport 

regimes is: 
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Fig.2-1 Flow regimes for vertical pneumatic conveying and 

Fig.2-2 Flow regime map for Geldart A 

particles(Bi, 1995)[17]. 
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Boundary between DSU and the fast fluidization is: 
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Fig.2-4 Flow regime map(

Fig.2-6 General flow regime diagram for vertical pneumatic conveying and fluidized

bed system

Rabinovich et al.[13]summarized the flow regimes for 

fluidized bed systems with various gas velocity, as in 

fluidization into cluster flow and annular f

Mahmoudi et al.[14]used Positron emission particle tracking (PEPT) to measure the 

velocity, residence time distribution, solid volume fraction and the flow pattern of 

particles. Four distinct flow regimes are defined for Geldart B particle in a circulating 

fluidized bed, i.e. Dilute riser flow (DRF), core
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Flow regime map(Kim, 2004)[12]. Fig.2-5 Flow regime map for circulating 

fluidized bed (Wang, 2013)

 

General flow regime diagram for vertical pneumatic conveying and fluidized

bed system (Rabinovich, 2011)[13]. 

summarized the flow regimes for vertical pneumatic conveying and 

with various gas velocity, as in Fig.2-1, and divided the fast 

fluidization into cluster flow and annular flow. 
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2013)[15]. 

General flow regime diagram for vertical pneumatic conveying and fluidized 

vertical pneumatic conveying and 

, and divided the fast 

used Positron emission particle tracking (PEPT) to measure the 

velocity, residence time distribution, solid volume fraction and the flow pattern of 

particles. Four distinct flow regimes are defined for Geldart B particle in a circulating 

annulus flow (CAF), core-annulus flow 
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with turbulent fluidized bed at the bottom (CAF with TFBB) and dense riser upflow 

(DRU), and the flow regime map is depicted by ug-utr and solid mass flux. Wang 

[15]adopted dimensionless velocity up/ut, solid-gas ratio to divide the fast fluidization 

and DSU, as shown in Fig.2-5. 

Anantharaman et al.[16] studied the effects of particle properties and operating 

conditions on the solid flow direction near the wall of the CFB riser with Geldart B 

particles, and the results have been compared with the regime maps proposed by Bi et 

al.[17], Grace et al.[9], Gupta et al.[10] and Kim et al.[12]. It is found that most regime 

classifications were proposed from the experimental results from Geldart A particles, 

so the discrepancies between prediction of previous regime map and experimental 

result for the Geldart B particles exist. 

In the industrial application of fast fluidized bed, many problems are rised by the 

inhomogeneous of gas-solid flow caused by particle clusters, e.g. it is difficult to 

achieve uniform and ultrashort time contact between the oil gas and catalysts due to the 

severe inhomogeneous particle distribution and back-mixing in the catalytic cracking 

process [1]. Particle cluster is the aggregation of many particles, which has significant 

influence on the gas-solid flow characteristics in fast fluidized bed, e.g. the particle 

mixing, entrainment and heat and mass transfer [6]. The high slip velocity of particle 

cluster lower the carrying capacity of gas[18], decreasing the drag force in the circulating 

fluidized bed, which promotes the occurrence of core-annular flow in the riser[19, 20]. 

Therefore, the operating conditions of fast fluidized bed are directly influenced by 

particle clusters, and a comprehensive study of the particle cluster is crucial to the 

design, optimization, and operation of fast fluidized bed system[7]. 
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The efficient identification and accurate characterization of particle clusters are the 

foundation of the study of cluster behaviour. In recent years, two methods have been 

used in measuring particle cluster properties are intrusive and non-intrusive method.  

An intrusive method is use equipment such as capacitance probe, fiber optic probe to 

obtain simultaneous signals, and analyse characteristics of particle clusters, i.e. the 

size, velocity, solid volume fraction, frequency of the particle clusters by those 

signals[21-24].Soong et al.[22] proposed three characteristics to identify a cluster: (1) the 

solid volume fraction of particle cluster must be significantly above the average solid 

volume fraction at the same operating condition at the local position; (2) the fluctuation 

in solid volume fraction caused by particle cluster should be higher than the random 

fluctuation in background solid volume fraction; (3) the length of particle cluster 

should be larger than 100 particle diameters. The method utilizing the probe to obtain 

the simultaneous solid volume fraction and identify particle cluster is widely used[21][25, 

26]. According to the first criterion, the simultaneous solid volume fraction of particle 

must be much higher than the average solid volume fraction, which can be expressed  

as n-times the standard deviation of the sampled signal over the local average solids 

volume fraction, i.e.c=ave+ n.Manyeleet al.[25]suggested that the optimal n value 

should between 1.0-1.4, while Xu et al.[26]used n=2.0. It is notable that the definition of 

particle cluster is crucial to the study of particle clustering behaviour. Therefore, 

Rudnick et al.[27] tried to discriminate the influence of definition of particle cluster. 

Yang et al.[28] distinguished the dense cluster from the gas void phase by the method of 

multiresolution analysis (MRA) of wavelet transform. 

Non-intrusive method is to visualize the internal flow outside the system, and obtain the 

characteristics of particle clusters through image processing [19, 29-31]. The definition of 

particle cluster adopted in this method is also derived from the criterion proposed by 
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Soong et al.[22]. As the solid concentration in the cluster is higher than the average local 

solid holdup, the grayscale value of the cluster in the images is accordingly higher than 

the average local grayscale value. Lackermeier et al.[23]applied a high-speed video 

combined with the laser sheet to calculate the shape and velocity of particle cluster, 

similar identification method is adopted by Xu et al.[32]，Mondal et al.[30]to measure the 

size and velocity of particle cluster. Yang et al.[33] further proposed a relationship 

between solid volume fraction and the according image grayscale value, and separating 

the dense and dilute phase by a proper solid volume fraction thresholds to obtain the 

cluster size and volume fraction. 

Based on different identification and characterization of particle clusters, many 

researches on structure and behaviour of particle cluster (e.g. size, time fraction and 

solid volume fraction of cluster) have been carried out. Various definitions of cluster 

structure have been proposed, according to the shape, size and appearance position of 

particle clusters. Bi et al.[34]group the particle aggregations into four categories: (1) 

particle cluster is refer to a group of particles aggregated in form of string, triangle and 

other shapes in the riser to reduce the effective drag force exerted on them; (2) particle 

streams refer to large clusters with dense cloud in stripe shape; (3) particle sheets are 

dense particle group falling near the wall region; (4) particle swarms are the particle 

aggregation at the dilute condition on the wall region. Shi et al.[7]classified the clusters 

into four kinds by the distance between particles and the shape and appearance position, 

i.e. micro-cluster , sparse cluster, core-annular cluster and compact cluster. 

In the study on the particle cluster size, O’Brien et al.[35]suggested that the particle 

cluster is ten times large as a single particle. Guentheret al.[36] further confirmed that 

particle cluster is the aggregation of 10 to 20 particles. Cocco et al.[37] believed that 

particle clusters can exist on two scales: micro-clusters consisting of a few to 20 or 
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more particles, and macro-clusters made of hundreds of particles in the shape of sphere, 

strands or streamers. Mondal et al.[30] proposed that when particle diameter is 0.255mm, 

a large fraction of particles travel in cluster with width ranging around 5mm. 

 

 
                        (a)        (b)         (c) 

Fig.2-7 Classification of particle clusters (Shi, 2007)[7]:(a)sparse cluster;  

(b) core-annular cluster; (c) compact cluster. 

 

Zou et al.[38] developed a simple particle cluster size distribution model with only one 

parameter, and introduce a novel roundness factor to describe the shape of the cluster. 

Li et al.[39] studied the size distribution and behaviour of particle clusters in the fast 

fluidized by using optical fibre probes. The results showed that cluster velocity is in 

direct proportion to the superficial gas velocity and the averaged cluster velocity is 

larger at the centre than the near wall, moreover, the cluster velocity is larger in the 

lower dense zone than in the upper dilute zone. It is notable that most of the clusters in 

the wall region move downward. Li et al.[40] discussed the multi-scale characteristics of 

clusters in fast fluidized bed, proposing that cluster consists of many sub-clusters with 

different size and discrete particles. The particle clusters in a circulating fluidized bed 

with high gas velocity is much smaller than that in the conventional fluidized bed 

because of the strong collision between particle clusters. 

Liu et al.[41] investigated the particle cluster properties including solid volume fraction, 

occurrence frequency, time fraction and velocity of particle clusters in a fluidizedbed 

with square cross-section of 0.1m×0.1m andheight of 2.4 mby phase Doppler particle 
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analyzer (PDPA). The axial and radial profiles of solid volume fraction and velocity of 

particle clusters are similar to those of discrete particle, respectively. The result showed 

that particle cluster properties are closely related to average solid volume fraction and 

turbulent fluctuation ofparticles. Liu et al.[20] proposed the capture mechanism of 

discrete particles into clusters and the shedding mechanism of particles from cluster. 

 (a)   (b) 

Fig.2-8 (a) Schematic diagram of experimental equipment and measuring 

pointdistribution by Liu et al. [41]. (b)Schematic diagram of experimental equipment by 

McMillan et al.[5] 

Particulate Solid Research, incorporated (PSRI), National Energy Technology 

Laboratory (NETL) carried out a series study on the formation mechanism and 

characteristics of particle clusters. Cocco et al.[37] studied the formation mechanism of 

particles by using a high-speed camera with a modified rigid boroscope. The results 

suggested that hydrodynamics may not be the only responsible for cluster formation, 
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while cohesive forces including electrostatics, capillary and van der Waalsforces, may 

play an important role in formation of particle clusters. Chew et al.[44, 45] studied the 

characteristics of particle clusters in a circulating fluidized bed with Geldart B particles, 

revealing the influence of riser position, operating condition and solid properties on the 

appearance probability, duration, and frequency of particle clusters. McMillan et 

al.[5]provided an insight to the nature of particle clustering, proposing that particle 

clustering in a fluidized bed may due to van der Waals or coulombic forces, likely 

assisted by the lack of momentum transfer to particlerotation. Moreover, the 

fluctuations and gradients in the hydrodynamic forces may be responsible for the 

particle clustering in the riser. Kiani et al.[24, 46]suggested that the size of particle cluster 

increases and their distributions becomes wider with increasing superficial gas velocity. 

Moreover, the larger particles tend to form large particle clusters, and the particle 

clusters in the centre are larger than those in the wall region. 

 

2.2 Simulation study 

The clusters in the core region of riser could not be observed directly by non-intrusive 

method due to the dense annulus particle layer at the wall, the understanding of clusters 

hydrodynamics properties is still lacking. The numerical simulation method is an 

important way to study the gas-solid flow behaviour in a complex dense gas-solid flow, 

which can effectively overcome the shortage of the existing experimental conditions 

and measurement, and simulate the flow structure and the details of the gas-solid flow.  

There are two primary modelling approaches for the typical fluidization system, 

consisting of Eulerian-Eulerian method and Eulerian-Lagrangian method. In two-fluid 

models (TFM), the gas and solid phase are both considered as continuous mediums, 

described in terms of separate sets of conservation equations and coupling by the 
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interaction terms between the gas and solid phase. It provides a convenient and simple 

method to calculate the gas-solid behaviour. However, the traditional TFM cannot 

provide detailed information of particle movement, the discrete character of solid phase 

at microscopic level lose due to its continuum assumptions. 

The Eulerian-Lagrangian (EL) method treats particles as separate, solid objects and 

their behaviors are modeled by theNewtonian equations of motion. The traditional 

Eulerian-Lagrangian approach, CFD-DEM (computational fluid dynamics-discrete 

element method), can track each discrete particle and compute particle-particle 

collision. However, the high computational cost limits the application of this method in 

large dense solid gas flow system 

Recently, another Eulerian-Lagrangian approach, MP-PIC method, has attracted much 

attention because of its specific advantages at the extremely efficient calculation. In 

MP-PIC scheme, the particle-particle collision is not calculated directly as CFD-DEM, 

but through the particle stress gradient based on the Eulerian grid. Meanwhile, the real 

particles are grouped into computational particles (parcel) each including one or a 

certain amount of particles with uniform size, density, velocity, etc. On the basis the 

computational particles, the dense gas-solid fluidization system at large scale can be 

analysed through a reasonable amount of particles.  

Due to the limitation of computational resources and the complexities of flow 

characteristics in simulation of full loop circulating fluidized bed, most the early 

simulations of fast fluidized bed are conducted by the riser part or separate structure. 

However, as the downer maintain the pressure balance and realize a self-equilibrium 

of the loop[47], thus the simulation result from separated part of the circulating 

fluidized bed may be quite different from the experimental results. The simulation of 

full-loop fast fluidized bed could capture the flow behaviour of the whole circulation 
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system efficiently and obtain detail information of gas-solid flow[48], which has got 

widely attention recently. Moreover, with the development of computing capability 

and the improvement of simulation method, more and more studies have been 

proposed on flow behaviour of fast fluidized bed by full-loop simulation method. 

Zhang et al.[48] simulated the three-dimensional (3D) full-loop CFB by Eulerian 

granular multiphase model with a drag coefficient correction based on the 

energy-minimization multi-scale (EMMS) model, deriving the flow regime diagram for 

air-FCC system. Nikolopoulos et al.[49] and Lu et al.[52] simulated the small scale CFB 

carbonator and industrial scale circulating fluidized bed, indicating that the drag model 

can well predict the pressure distribution and solid mass flux of circulating fluidized 

bed.The axial and radial distribution of solid volume fraction and velocity of particle 

cluster can be achieved, and capture the particle clustering and evolutionary processes. 

However, Lu et al.[52] suggested that the EMMS model was proposed in limited 

operating conditions, which may underestimate the drag force in industrial-scale 

circulating fluidized bed.  

Guan et al.[53] simulated a 3D full loop interconnected fluidized bedconsists of a riser, a 

bubbling bed, a cyclone and a loop-seal. The effects of operating gas velocity, particle 

sizeand bed inventory on the solids mass flux are investigated. 

Wang[47, 54] studied the gas solid flow characteristics in a CFB with a loop seal, and the 

influence of operating conditions, i.e. loop seal aeration rate, superficial gas velocity 

and bed inventory on the solid circulation characteristics (e.g. solid mass flux and 

packing height).Ma et al.[55] predicted the main features of gas –solid flow in the riser in 

the 3D full loop HDCFB is qualitatively using MP-PIC method. Tu et al.[56]applied the 

CPFD method to investigate the flow characteristics of a complex CFB with six 

cyclones, and characterize different fluidization regimes. The results obtained from 



Chapter 2Literature Review 

- 21 - 
 

EMMS drag model are compared with those obtained from Wen-Yu model. Wu et 

al.[57]applied the CPFD approach based on the MP-PICmethod to investigate the flow 

hydrodynamics and chemical reaction characteristicsin CFB riser reactors with Geldart 

A particles. 

Luo et al.[61] investigated the pressure signals and solid back-mixing behaviour in a 3D 

full-loop CFB operating in fast fluidization (FF) anddilute phase transport (DPT) 

regimeby using the CFD-DEM coupling approach. Wang et al.[62]investigatedthe 

influence of cyclone arrangements on the gas-solid flow characteristics in the 3D 

full-loop CFB.Lu et al.[63] simulated a pilot scale CFB to demonstrate the accuracy, 

capability and efficiency of different simulation method. 

Particle cluster is the most important characteristic in fast fluidization, significantly 

influences the gas-solid flow characteristics in fast fluidized bed, e.g. the particle 

mixing, entrainment and heat and mass transfer. Moreover, the formation of particle 

cluster decreases the drag force exert on the particles compared with that exerts on the 

single particle. Therefore, the influence of particle cluster on the drag coefficient 

should be considered. 

Tsuo et al.[64] simulated the influence of superficial gas velocity, solid mass flux, 

particle size and the diameter of riser on the formation of particle cluster in the CFB by 

TFM. However, the effect of particle cluster on drag force is neglected. Gomez et al.[65, 

66] characterized the particle cluster using MICEFLOW code based on the identification 

criterion proposed by Sharma et al.[21]. The simulated result underestimated the number 

of particle clusters, which suggest the operating conditions and the bed structures 

should be considered in the identification of particle clusters. 

Lu et al.[67]develop a two-fluid model with cluster-based approach (CBA) which 

assumes that particles move as clusters in the riser to predict the hydrodynamics of 
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cluster flow in the circulating fluidized bed, and well predict the core-annular flow 

structure in the riser. Wang et al.[68]further developed the CBA with particle rotation 

and friction stress models. Lu et al.[69] introduced the closure equation for the 

dispersed particles in the dilute phase and clusters in the dense phase. The difference 

between the simulated and experimental flow behaviour were noticed, which may be 

explained by the deficiencies of mass transfer model for the particles in the dilute 

phase and the clusters in the dense phase and the interaction between the clusters and 

gas in the dilute phase. Chalermsinsuwan et al.[70] predicted the cluster size and solid 

volume fraction in the riser and downer. Agrawal et al.[71] suggested that coarse-grid 

simulation of gas-solid flow must include sub-grid models, accounting for the 

influences of the unresolved meso-scale structures. 

Tsuji et al.[72] compared the simulation results of gas-solid flow in the riser based on 

DSMC (direct simulation Monte Carlo) method and two-fluid model, and found that 

the cluster number is larger in the DSMC method than in the two-fluid model. 

Moreover, the clusters size may increases with the riser size in DSMC method while 

disappear in the riser in two-fluid model. However, due to the limitation of 

computational sources, most of the previous studies were conducted in two 

dimensional riser. Ouyang et al.[73] adopted the particle-motion-resolved discrete 

model which can simulate bubbles and cluster formation to study the influence of 

operating conditions on cluster structure. Helland et al.[74, 75]studied the influences of 

different clusters on the gas–particle flow behaviour, i.e. dilute cluster(less than 3%–5% 

solids volume fraction) and dense cluster (more than 10% solids volume fraction),and 

proposed two possible combined drag laws which take both of these influence into 

consideration. The combined drag laws improve the discrepancies generally reported 

for CFD simulations of circulating fluidized beds concerning the correct estimation of 
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solid circulation rates. Zhang et al.[76] simulated the particle clustering behaviour in a 

riser/downer, demonstrating that the formation of clusters is influenced by many 

factors including operating conditions, particle properties and bed geometry. Zhao et 

al.[77] simulated the fully developed hydrodynamics of a riser and a downer in a 2D 

channel of 10cm in width. The results showed that particles are densely aggregated in 

the cluster in riser, while the clusters consist of loose packed particles in the downer. Lu 

et al.[52]well predicted the onset of the fluidization and the stable flow in CFB risers 

used in the experiment conducted by Horio et al.[78] using EMMS-based discrete 

particle method. Varas et al.[79]simulated the gas-solid flow in a pseudo-2D riser, well 

predicted the core-annular flow and other hydrodynamics parameters including 

frequency, solid volume fraction of particle clusters. However, the simulations 

overestimated the number of large clusters, and a better insight about the influence of 

drag force on cluster behaviour is needed.  

Despite the DEM method, the direct simulation Monte Carlo (DSMC) method is also 

widely used to study the cluster behaviour in the fast fluidized bed. Tanaka et al.[80] 

investigated the unstable flow and the formation of cluster by DSMC method, a 

V-shaped cluster was observed. Wang et al.[81] suggested that the particles in the dilute 

phase exist individually, while the particles in the cluster phase are enmeshed to give 

various shapes and different sizes. Liu et al.[82] also simulated the hydrodynamics of 

gas-solid flow in the CFB by using Eulerian-Lagrangian approach, investigating the 

distributions of solid volume fraction and velocity of particle clusters. Simulated results 

showed that the upward clusters exhibits a horseshoe shape with a dense head and both 

dilute tails, while the downward cluster exhibits an inversed-V shape. Moreover, a 

low-pressure zone can be found between their tails. Liu et al.[83]investigated the 

influence of superficial gas velocity on the particle clusters characteristics (e.g. solid 
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volume fraction, velocity and frequency of particle clusters) in the wall region and in 

the centre of the riser. Berrouk et al.[84] discussed the severe disadvantage of the phase 

coupling scheme used in the context of a two-dimensional DPM. The two-phase 

coupling scheme presented by Liu et al.[82] underestimated the pressure drop and 

result in erroneous prediction of the minimum fluidization velocity. Capecelatro et 

al.[85]found that the simulation of two dimensional riser may lead to unphysical 

accumulation of particles due to the restriction of particle motion in a plane, which may 

lead to over predict in volume fraction and velocity fluctuations. The radial motion of 

particles to avoid falling clusters is increased in the riser. 

 

2.3 Summary and research gaps 

Increasing researches are being focus on the flow characteristics, especially for the 

particle clusters since 1990s. However, the understanding of flow characteristics in fast 

fluidized bed is insufficient, especially for the meso-scale structure, e.g. cluster 

behaviour in fast fluidized bed with Geldart B particles. As particle cluster in the most 

important characteristic in fast fluidization, the study of particle cluster covers various 

particle properties and numerous different operating conditions by intrusive or 

non-intrusive method. Nevertheless, the research the identification, structure and 

behaviour of particle cluster are still insufficient to provide the comprehensive basis for 

the design, operating and optimization of fast fluidized bed system. Basedon the 

literature review, several gaps have been identified as follows: 

(1) The definitions of flow patterns in the fast fluidized bed are ambiguous, different 

definition are proposed based on various method, while the same flow pattern may be 

defined by different names. Nevertheless, most of the studies on the flow patterns and 

transitions are conducted by Geldart B particles, which are unable to predict the 



Chapter 2Literature Review 

- 25 - 
 

gas-solid flow by Geldart B particles. Therefore, it is worthwhile to investigate the flow 

patterns and transitions in fast fluidized bed handling Geldart B particles.  

(2) The measurement of particle clusters in fast fluidized bed is mainly conducted by 

intrusive method, which may introduce disturbance into the gas-solid flow. The 

accurate identification and characterization of particle clusters by non-intrusive method 

is in great request. 

(3) The classification of particle cluster is ambiguous, various definitions of cluster 

structure have been proposed, according to the shape, size and appearance position of 

particle clusters. Moreover, the study of the evolutionary processes of particle cluster is 

still lacking and comprehensive and accurate understanding of formation mechanism of 

particle clusters is needed. 

(4) Contradictory results have been obtained in the study on particle clustering behavior. 

Guenther et al. [36] found that cluster size increases with increasing solid mass flux, 

while Horio et al. [78] proposed that cluster sized decreases with higher solid mass flux. 

Moreover, the studies on the influence of riser position on the particle cluster also come 

to inverse conclusions [86, 87]. 

(5) Very few simulation studies on flow characteristics of fast fluidized bed are 

presented in three dimensional full loop fast fluidized bed systems, and most of the 

researches are for the Geldart B particles. Moreover, the influences of operating 

conditions on the flow characteristics need to be further revealed. 

(6) The studies of particle clusters by Eulerian-Lagrangian method are mainly 

presented in two dimensional riser, and most of the result are qualitative prediction. 
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3.1 Introduction 

Different operating conditions result in various gas-solid flow characteristics in fast 

fluidized bed, e.g. different particle residence time and mixing time, affecting the 

reacting efficiency in fast fluidized bed. Thus study on gas-solid flow characteristics is 

crucial to industrial design, amplification and optimization of fast fluidized bed. A 

series of research on gas-solid flow characteristics have been conducted by many 

scientists. Bi et al. [1] observed the particle flow in fast fluidized bed and defined three 

flow regimes, including homogeneous dilute transport, core-annular dilute transport 

and fast fluidization. Grace et al.[2] defined the dense suspension upflow (DSU) in 

high-density circulating fluidized bed. Kim et al.[3] divided the fast fluidization regime 

into the fast transition region and the fully develop fast fluidization region. Mahmoudi 

et al. [4] measured the particle velocities, residence time distribution, population 

densities of the particles in the cross-sectional area of the riser and solids flow pattern at 

the bottom of the riser, identifying four regimes in a CFB riser: dilute riser flow (DRF), 

core-annuls flow(CAF), core-annulus flow with turbulent fluidized bottom bed (CAF 

with TFBB) and dense riser upflow (DRU). Researchers identified and defined flow 

structures in various methods, while one flow structure may has different names.  

Most studies on flow structure in fast fluidized bed are conducted by Geldart A particles, 

while research conducted by Geldart B particles are limited. The fluidizations of 

Geldart A and Geldart B particles are very different, especially for the particle 

viscosity[5]. As are widely used of Geldart B particles in coal gasification and 

combustion, the study on flow structure of Geldart B particles are 

become increasingly important. Chew et al. [7]revealed the presence of a reverse 

core-annulus profile (i.e., a dense core with a dilute annulus) under certain conditions. 

Anantharaman et al. [8] studied the influence of particle properties and operating 



Chapter 3Experimental study on gas-solid flow pattern and transition in fast fluidized bed 

- 38 - 

conditions on annulus flow behaviour in a pilot scale CFB riser. Moreover, the 

experiment result have been compared with prediction of flow regime map of Bi et al.[1], 

Grace et al. [2], Gupta et al.[9] and Kim et al.[10], and found that discrepancies between 

the predictions of regime map and experimental data exist, which may be due to the 

fact that the regime classifications were developed from experimental data obtained 

mostly from Geldart Group A particles. Therefore, the comprehensive experimental 

studies of flow structure in fast fluidized bed handling Geldart B particles were need. 

In chapter 3, a three-dimensional visual fast fluidized bed with riser height H=3m and 

diameter D=0.1m was established, and the pressure signal and high-speed image 

acquisition system were adopted. The superficial gas velocities were set from 0 to 

5.28m/s, while the solid mass flux varies from 0 to 120kg/(m2s). The flow pattern and 

transition were studied by Geldart B particles with different diameter, and the influence 

(e.g., superficial gas velocity, solid mass flux) on solid volume fraction and gas-solid 

slip velocity were discussed. Moreover, typical flow pattern map was plotted and the 

fitting transition velocities for these patterns were developed. 

 

3.2 Experimental study 

3.2.1 Experimental apparatus and procedure 

A three-dimensional visual fast fluidized bed system consists of fast fluidized bed, air 

supply system and differential pressure signal sampling and processing system, is 

shown in Fig.3-1. The fast fluidized bed is consists of Plexiglas riser, downer and two 

stage cyclone, and riser is made of Plexiglas with 3.0 m in height and 0.1 in inner 

diameter. The primary air at ambient temperature and pressure was supplied to the riser 

bottom through a perforated distributor plate with free area of 11% in 2.0 mm of orifice 

diameter. At the top of riser, the gas and solids passed through a smooth elbow and then 
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first separated in the primary cyclone, then further gas-solid separated and collected by 

secondary cyclone and bag filter. The downer kept sufficient solid inventory and gave 

pressure head to provide a wide range of solid flow rate in the riser. 

Moreover, the gas flow rate was measured by rotameters. The solid mass flux was 

calculated by multiplying the bulk density of solid material known by the solid 

volumetric flow rate, which was estimated by measuring the velocity of a tracer particle 

travelling in downcomer. Thirteen pressure taps were set at heights of 0.050, 0.100, 

0.150, 0.300, 0.510, 0.720, 1.005, 1.290, 1.575, 1.860, 2.145, 2.430 and 2.715m above 

the gas distributor and each two adjacent taps were connected to a pressure sensor. The 

pressure difference from two adjacent taps was collected by the pressure sensors and 

then converted into digital values by the A/D convertor, as seen in Fig.3-1. 

Meanwhile, a high-speed camera was set to investigate the flow structure of fast 

fluidized riser, the snapshots flow pattern and transition of the riser under various 

operating condition were captured by high-speed camera and further analysed. 
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Fig.3-1 Schematic of the experimental set-up:1-Riser, 2-Downer with storage tank, 

3-First stage cyclone separator, 4-Secondary stage cyclone separator, 5-Duster, 

6-LED, 7-CCD camera, 8-Differential pressure transmitter, 9-Data acquisition card, 

10-computer, 11-Air supply system, 12-Loop seal. 
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3.2.2Materials 

The quartz sand particles with various diameters were used in experiment, as seen in 

Table 3-1. 

Table 3-1 Materials 

Materials Quartz sand particles 

Particle mean diameter  dp（μ ）m  100 

 139 

 
177 

215 

 250 

 
350 

370 

Particle density（kg/m3） 2650 

 

3.2.3 Parameters measurement 

(1) Superficial gas velocity (ug) 

Superficial gas velocity is gas volume flow rate divided by riser area, and the gas flow 

rate is measured by rotameter considering the pressure effect. 

(2) Solid mass flux (Gs) 

Solid mass flux is the average solid mass flow rate per unit cross-sectional area in the 

riser. Solid mass flux could be calculated by multiplying the bulk density of solid 

material known by the solid volumetric flow rate which was estimated by measuring 

the velocity of a tracer particle travelling in downcomer. The velocity of the tracer 

particle is the movement distance Sd divided by movement time t. The measurements 

are repeated 10 times for each parameter. 
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𝐺ୱ =
஺ీఘౌ

஺౎

ௌౚ

௧
   (3-1) 

AR、AD are the cross-sectional area of riser and downer. 

(3) Apparent solid volume fraction εp 

Apparent solid volume fraction is calculated from the pressure drop in the riser. 

According to previous studies, the pressure loss caused by the particle acceleration, 

friction between the particle-wall and gas-particle can be neglected [11, 12]. The 

apparent solid volume fraction can be calculated at a certain position from the 

pressure drop, and the deviation would be within 10% [13]. 

ε୮ =

౴ౌ

ౝ౴౰
ି஡ౝ

஡౦ି஡ౝ
(3-2) 

(4) Apparent slip velocityVslip 

The apparent slip velocity can be used to study the interaction between gas and solid, 

revealing the mechanism of high efficient gas-solid contact[14]. The apparent slip 

velocity Vslip in the riser can be calculated by: 

 𝑉ୱ୪୧୮ = 𝑉୥ − 𝑉୮ =
௨ౝ

ଵିఌ౦
−

ீ౩

ఘ౦ఌ౦
(3-3) 

where Vg is the average apparent superficial gas velocity, Vp is the average apparent 

superficial particle velocity. 

(5) Apparent slip factor  

The apparent slip factor is the ratio of average apparent superficial gas velocity to 

the average apparent superficial particle velocity. 

 =
௏ౝ

௏౦
=

௨ౝ

ଵିఌ౦

ఘ౦ఌ౦

ீ౩
 (3-4) 
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3.3 Results and discussion 

3.3.1 Flow patterns and characteristics in fast fluidized bed 

 

(a)     (b)     (c)    (d)    (e)    (f)   (g) 

Fig. 3-2 Typical flow pattern images of a fast fluidized bed 

(a)H0/D=1.5, ug =0.10 m/s, Gs=0; (b)H0/D=1.5, ug=0.29 m/s, Gs=0; 

(c)H0/D=1.5, ug =0.52 m/s, Gs=0; (d)H0/D=3.0,ug=0.46 m/s, Gs=0; 

(e) ug=2.91 m/s,Gs=34.0 kg/(m2·s); (f) ug =2.91m/s,Gs=28.8 kg/(m2·s); 

(g) ug =2.91 m/s, Gs=23.4 kg/(m2·s). 

Fig.3-2 illustrates typical flow pattern images of a fast fluidized bed with increasing 

superficial gas velocity under various static bed heights. As shown in Fig.3-2 (a)(b)(c), 

the flow pattern of riser went through bubbling flow (BF), slug flow (SF) and turbulent 

flow (TF) with increasing superficial gas velocity when the ratio of static bed height to 
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the riser diameter H0/D was kept at 1.5. As H0/D was increased to 3, the particle 

fluidization in the riser was not achieved, and the “particle rain” occurs[15]。 

Moreover, when the superficial gas velocity came over the transition velocity utr, the 

particles should be collected by cyclone and feed back to the riser through J valve to 

keep a stable circulation in fast fluidized bed. As solid mass flux decreased, the flow 

patterns transited from fast fluidization (FF) to dilute phase flow (DPF) at ug=2.91 m/s 

as seen in Fig.3-2 (e)(f)(g). 

At lower ug, the flow patterns transited from fix bed (FB), bubbling flow (BF) to 

turbulent flow (TF) with increasing superficial gas velocity, while the ratio of static bed 

height to the riser diameter H0/D was lower than 1. At 1H0/D ，2 the rise of gas flow 

causes to form big bubble about the size of bed diameter, instead of increasing the 

distance between particles. It is notable that slug forms between bubbling flow and 

turbulent flow, and the transition velocity of turbulent flow increase with static bed 

height. Moreover, when H0/D is higher than 2 and the gas velocity is lower than 

minimum fluidization velocity, the space between particles increases with the increase 

in gas velocity. Meanwhile, the big bubble still exists with similar character of turbulent 

flow. The pressure fluctuation caused by slug leads to the uneven of heat and mass 

transfer, and the unstable fluidization, which should be avoid in industrial application. 

The turbulent flow begins to show similar character as fast fluidization with increasing 

gas velocity. With higher carrying capacity of the gas flow, more particles were blew 

out the riser, and once the gas velocity is higher than utr, the particles need to be 

separated by the cyclone and fed back into the riser to keep the stable fluidization.  At 

lower Gs, the particle suspension along the riser was well-distributed, known as dilute 

phase flow (DPF). As increasing solid mass flux at a constant gas velocity or lowering 

the gas velocity while maintaining the solid mass flux, the solid volume fraction in the 
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riser would rise and the particle clusters came into shape, forming a dense zone in the 

bottom. Yerushalmi et al.[16]proposed that the formation of particle clusters indicated 

the begin of fast fluidization. In the previous studies on the flow structure of riser, some 

research[17, 18]found the existence of S-shaped axial solid volume fraction, i.e. a dense 

turbulent flow in the bottom with a dilute core-annular flow in the top of riser, while 

some [1, 19]observed an acceleration zone without dense turbulent flow in the bottom. 

A series of experiments were conducted on the fast fluidized bed system to study the 

flow structure of the riser, the superficial gas velocity varied from 0 m/s to 5.28 m/s, 

and the solid mass flux, Gs, ranged from 0 to 100kg/(m2s), as shown in Table 3-2. 

Table 3-2 Operating conditions of experiments 

Cases ug (m/s) H0/D Gs (kg/m2s) dp (μm) 

case 1 0.09 1/1.5/2/3/4.5 0 215 

case 2 0.12 1/1.5/2/3/4.5 0 215 

case 3 0.17 1/1.5/2/3/4.5 0 215 

case 4 0.23 1/1.5/2/3/4.5 0 215 

case 5 0.29 1/1.5/2/3/4.5 0 215 

case 6 0.35 1/1.5/2/3/4.5 0 215 

case 7 0.40 1/1.5/2/3/4.5 0 215 

case 8 0.46 1/1.5/2/3/4.5 0 215 

case 9 0.52 1/1.5/2/3/4.5 0 215 

case 10 0.58 1/1.5/2/3/4.5 0 215 

case 11 0.69 1/1.5/2/3/4.5 0 215 

case 12 0.81 1/1.5/2/3/4.5 0 215 

case 13 0.92 1/1.5/2/3/4.5 0 215 

case 14 1.04 1/1.5/2/3/4.5 0 215 
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case 15 1.15 1/1.5/2/3/4.5 0 215 

case 16 1.27 1/1.5/2/3/4.5 0 215 

case 17 1.38 1/1.5/2/3/4.5 0 215 

case 18 1.50 1/1.5/2/3/4.5 0 215 

case 19 1.61 1/1.5/2/3/4.5 0 215 

case 20 1.73 1/1.5/2/3/4.5 0 215 

case 21 2.04 3 7.37/7.2 215 

case 22 2.33 3 12.3/13.3 215 

case 23 2.62 3 23.5/26.1 215 

case 24 2.91 3 36.4/41.9 215 

case 25 3.24 3 46.1/53.6 215 

case 26 3.53 3 56.4/69.1/72.8 215 

case 27 3.83 3 69.1/79/85 215 

case 28 4.12 3 76.8/95.3/86.4 215 

case 29 4.41 3 86.4/110.6 215 

case 30 4.71 3 95.3/110.6 215 

case 31 5.01 3 110.6 215 
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Fig.3-3 Typical flow pattern map under various superficial gas velocities 

The typical flow pattern map was sketched under various superficial gas velocities, 

static bed height and solid mass flux based on visual system and pressure system, as in 

Fig.3-3. As seen in Fig.3-3, with increasing superficial gas velocity, the flow patterns 

change with static bed height and solid mass flux. The line AB shows the transition 

velocity from turbulent flow to fast fluidization flow according to the experiments, 

while the line CD indicates the transition from fast fluidization to dilute phase flow. 

The definition of transport velocity from turbulent flow to fast fluidization proposed by 

Perales[20]was adopted in this chapter, and particles with different diameters (i.e. 0.100 

mm, 0.139 mm, 0.177mm, 0.250 mm and 0.375 mm) were used in the experiments. 

Results were plotted using minimum transport Reynolds number (Retr) and Archimedes 

(Artr) as coordinates. Previous correlations listed in Table 3-3 were compared with our 

results seen in Fig.3-4. The correlation proposed by Bi et al.[1,26]  corresponds well with 
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the experimental results, and the correlation could be further revised by the 

experimental findings as follow: 

𝑅𝑒௧௥ = 2.5𝐴𝑟଴.ସହ                                                      (3-5) 

 

Table 3-3Correlations for the transport velocity 

Reference Correlations 

Mori et al. (1986)[21] 

Lee et al. (1990)[23] 

Perales et al.(1991)[20] 

Bi et al. (1992)[24] 

Adanez et al.(1993)[25] 

Bi et al. (1995)[1,26] 

𝑅𝑒௧௥ = 1.46𝐴𝑟଴.ହ଺ 

𝑅𝑒௧௥ = 2.916𝐴𝑟଴.ଷସହ 

𝑅𝑒௧௥ = 1.45𝐴𝑟଴.ସ଼ସ 

𝑅𝑒௧௥ = 2.28𝐴𝑟଴.ସଵଽ 

𝑅𝑒௧௥ = 2.078𝐴𝑟଴.ସ଺ଷ 

𝑅𝑒௧௥ = 1.53𝐴𝑟଴.ହ଴ 

 

 

Fig. 3-4 Comparison of experimental results and predicted values of utr 
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3.3.2 Apparent solid volume fraction 

3.3.2.1 Influence of superficial gas velocity 

The solid volume fraction is one of the most important characteristics when 

considering flow structure in fast fluidized bed. Fig.3-5 shows the axial distribution of 

solids volume fraction in the riser with increasing superficial gas velocity. The solid 

volume fraction under all operation conditions declined with riser height. For the larger 

particles, e.g. dp=250 m and dp=375 m, a dense turbulent zone in the bottom and a 

dilute zone (p 0.05) in the riser can be observed, the profile of axial solid volume 

fraction was approximately S-shaped. It can be seen that solid volume fraction in the 

bottom decreased dramatically at first and then reduced gradually with increasing 

superficial gas velocity. However, when the solid volume fraction was reduced to a 

certain value, further increase of superficial gas velocity leads very little change in 

solid volume fraction.  

 

(a)                                         (b) 
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                   (c)                                         (d) 

 

  (e)                                         (f) 

Fig.3-5 Effect of superficial gas velocity on axial distribution of solid volume fraction 

(a) dp=100 m, Gs=30kg/(m2s); (b) dp=100 m, Gs=40kg/(m2s); 

(c)dp=250m, Gs=50kg/(m2s); (d)dp=250m, Gs=60kg/(m2s); 

(e)dp=375m, Gs=50kg/(m2s); (f)dp=375m, Gs=60kg/(m2s). 

Due to the formation of dense zone in the bottom, increasing energy owing to the 

elevation of gas flow was mainly used in enhancing the velocity of particles in the 

dense bottom. However, for the particle of dp=0.100 mm under similar operating 

condition, exponential distribution of solid volume fraction was observed without a 

dense bottom, and the solid volume fraction changed very little with superficial gas 

velocity. 
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3.3.2.2Influence of solid mass flux 

Fig.3-6 gives the axial distribution of solid volume fraction in the riser as a function of 

solid mass flux. The solid volume fraction rose with increasing solid mass flux at the 

given superficial gas velocity. The effect of solid mass flux shows similar trend with 

superficial gas velocity, e.g. have little influence on solid volume fraction of small 

particles (dp=100m). As for the larger particles, a higher solid mass flux leads to a 

denser bottom, but has less impact for the top of the riser. It can be explained by that the 

elevation of solid mass flux results in a larger amount of particles fed back through the 

feeder. Therefore, the gas-solid turbulence and particle impact which decelerate the 

particles become more intensive, and particles aggregate more seriously in the bottom. 

 

                 (a)                                         (b) 

 

 (c)                                         (d) 
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                  (e)                                        (f) 

Fig.3-6 Effect of solid mass flux on axial distribution of solid volume fraction 

(a) dp=100 m, ug=4.97 m/s; (b) dp=100 m, ug=4.04 m/s; 

(c)dp=250m, ug=4.66 m/s; (d)dp=250m, ug=4.04 m/s; 

(e)dp=375m, ug=4.66 m/s; (f)dp=375m, ug=4.04 m/s. 

The solid volume fraction of the riser increases significantly with higher solid mass flux 

at lower gas velocity, e.g.ug=4.04 m/s, and the influence of solid mass flux on the solid 

volume fraction reduces with superficial gas velocity. This might be because that when 

the gas velocity is low, the saturation carrying capacity of gas is relatively low. When 

the solid mass flux exceeds the saturation carrying capacity of gas, particles start to 

assemble in the riser. With the increase of superficial gas velocity, the saturation 

carrying capacity of gas is improved, and the higher solid mass flux leads to higher 

solid volume fraction in the riser. Therefore, particles are more likely to be blow out of 

the riser at a higher gas velocity, results in less increment in solid volume fraction than 

that at the lower gas velocity. 
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3.3.3Gas-solid slip characteristics 

3.3.3.1 Influence of solid mass flux 

Fig. 3-7 shows the effect of solid mass flux on slip velocity and slip factor of different 

axial locations in the riser at ug=4.66m/s. As shown in Fig. 3-7(a), slip velocity increase 

smoothly with increasing solid mass flux in the top of the riser, while it shows a reverse 

trend in the lower part of the riser. It is obvious that the slip factor declines sharply and 

then decreases slowly with increasing solid mass flux, as seen in Fig.3-7(b). This is 

because the acceleration of gas on particles slowly losing in the higher riser, so the Vp 

decreases gradually with the change of solid mass flux. It is notable that slip factor 

increases with increasing solid mass flux at the bottom of the riser, while it changes 

much less in the top of the riser. It can be explained by that particles are much less in 

dilute phase flow in the top, which leads to a lower energy consumption in transporting 

particles. Thus, the average gas velocity is quite similar with ug. The increase of solid 

mass flux exerts great impact on solid volume fraction in the bottom, leading to a 

greater growth of slip factor in the lower part of the riser than that in the upper part.         

 

                     (a)                                       (b) 

Fig.3-7 Effect of solid mass flux on: (a) slip velocity and (b) slip factor. 
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3.3.3.2Influence of solid volume fraction 

Fig.3-8 shows the variation of slip velocity with solid volume fraction while superficial 

gas velocity ranges from 4.04 m/s to 5.28 m/s. It is obvious that slip velocity is much 

higher than terminal velocity of single particle, which caused by inhomogeneous 

distribution of particles [27], e.g. particle clusters in the riser. The slip velocity first 

increases sharply and then slower with increasing solid volume fraction. It is because 

the higher solid volume fraction results in greater particle aggregation in the riser, 

which weakens the drag force on the particles [28]. It is notable that the slip velocity 

changes rapidly with solid volume fraction when solid volume fraction is lower than 

0.05, which is consistent with previous studies [29]. However, when solid volume 

fraction is higher than 0.05, the slip velocity slowly increases with higher solid volume 

fraction. Moreover, the slip velocity also increases with increasing superficial gas 

velocity when solid volume fraction is kept constant. It is notable that slip velocity 

increases with increasing solid volume fraction at the same superficial gas velocity, 

which is unlikely influenced by the particle size. 

 

Fig.3-8 Effect of solid volume fraction on slip velocity. 
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3.3.3.3 Relationship between gas-solid slip characteristics and operating conditions 

 

Fig.3-9 Effect of solid volume fraction on dimensionless slip velocity. 

The slip velocity is closely related to the superficial gas velocity and solid volume 

fraction. Fig.3-9 shows the effect of solid volume fraction on dimensionless slip 

velocity, with ug ranges from 4.04m/s to 5.28m/s and the particles size dp=250 m and 

375 m. To further illustrate gas-solid slip characteristics, Issangya et al. [30]proposed a 

correlation of dimensional slip velocity and solid volume fraction based on experiments 

conducted with Geldart A particles as follow: 

𝑉ୱ୪୧୮/𝑢୥ = 1.67𝜀୮
଴.ଶହ (3-6) 

Wang et al.[29]proposed an equation for Geldart B particles, and the Yin et al.[13] further 

conducted a series of research on pressurized high-flux circulating fluidized bed 

𝑉ୱ୪୧୮/𝑢୥ = 1.83𝜀୮
଴.ଶ଻   (Wang et al. 2008)                                   (3-7) 

𝑉ୱ୪୧୮/𝑢୥ = 2.09𝜀୮
଴.ସଶ   (Yin et al. 2014)                                     (3-8) 

The data in Fig.2-9 can be well represented by the following equation:  

𝑉ୱ୪୧୮/ 𝑢୥ = 1.62𝜀୮
଴.ଶ(3-9) 
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It is obvious that Geldart B particles have similar trend with Geldart A 

is the dimensionless slip velocity changes greater under higher operating pressure

and solid mass flux[29]. 

 (a)                                       (b)

Fig. 3-10 

(b) Effect of dimensionless slip velocity on slip 

Fig.3-10 gives the variation of slip factor with slip velocity and dimensionless slip 

velocity at superficial gas velocities of 4.04, 4.66 and 5.28 m/s for particles of 

m and 375 m. Some correlations have been presented by previous studies

different operating conditions, e.g.

Geldart B particles: 

 = 1.262 + 7.7(𝑉ୱ୪୧୮/𝑢୥

 = 0.809 + 8.228(𝑉ୱ୪୧୮/

Geldart A particles: 

 = 1.21 + 5.92864(𝑉ୱ୪୧୮

As shown in Fig.3-10 (b), the relation between slip factor and 

velocity for Geldart B particles can be well represented by the following equation:

 = 1.21 + 20(𝑉ୱ୪୧୮/𝑢୥)଺

3Experimental study on gas-solid flow pattern and transition in fast fluidized bed

It is obvious that Geldart B particles have similar trend with Geldart A particles, which

is the dimensionless slip velocity changes greater under higher operating pressure

(a)                                       (b) 

10 (a) Effect of slip velocity on slip factor; 

(b) Effect of dimensionless slip velocity on slip factor. 

10 gives the variation of slip factor with slip velocity and dimensionless slip 

velocity at superficial gas velocities of 4.04, 4.66 and 5.28 m/s for particles of 

Some correlations have been presented by previous studies

different operating conditions, e.g. 

୥)ଷ.଼଼ସ[29](3-10) 

/𝑢୥)ଷ.଴଼଺[29](3-11) 

ୱ୪୧୮/𝑢୥)ଶ.଻଺଺଴ଶ[31](3-12) 

10 (b), the relation between slip factor and dimensionless slip 

velocity for Geldart B particles can be well represented by the following equation:

଺ (3-13)  

solid flow pattern and transition in fast fluidized bed 

particles, which 

is the dimensionless slip velocity changes greater under higher operating pressure[13] 

 

 

10 gives the variation of slip factor with slip velocity and dimensionless slip 

velocity at superficial gas velocities of 4.04, 4.66 and 5.28 m/s for particles of dp=250 

Some correlations have been presented by previous studies under 

dimensionless slip 

velocity for Geldart B particles can be well represented by the following equation: 
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For Geldart B particles, similar trend with Geldart A particles [31] can be found 

considering relation between gas-solid characteristics and operation conditions, but slip 

factor of Geldart B particles changes much faster. 

 

3.3.4 Flow regime map 

When the superficial gas velocity is higher than utr, the high velocity fluidization is 

achieved. Therefore, particles should be separated by the cyclone and feed back into the 

riser to ensure stable fluidization in the riser. Therefore, the transport velocity can be 

calculated by equivalent transition velocity of fluidized bed coupled with slip velocity 

caused by solid mass flux [15], i.e.: 

𝑢୲୰ = 𝑢୲୰,୤ +
ఌ౪౨

(ଵିఌ౪౨  

ீ౩

ఘ౦
(3-14) 

where utr is transition velocity for circulating fluidized bed, utr,f is the equivalent 

transition velocity of fluidized bed, tr is void fraction. According to Bi et al.[32] , the 

void fraction at the accumulated choking point is around 0.99 for Geldart B particles. 
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Fig.3-11 Typical flow pattern images of a fast fluidized bed: 

(a)Dilute phase flow,ug=2.91m/s,Gs=23.4kg/(m2·s); 

(b) Fast fluidization 1, ug=2.91 m/s, Gs=28.8 kg/(m2·s); 

(c) Fast fluidization 2, ug=2.91 m/s, Gs=34 kg/(m2·s). 

The changes in pressure difference and images recorded by a high resolution digital 

CCD camera were used to analyse the flow patterns. Two flow patterns in high velocity 

fluidization are identified, i.e. dilute phase flow and fast fluidization, and a schematic 

representation of flow patterns is seen in Fig.3-11. The flow pattern images of bed riser 

of h=0.85-1.15m are further magnified by high speed camera on the right in Fig.3-11. 

Dilute phase flow (DPF): In this flow pattern, the solid volume fraction is usually lower 

than 0.1 in the riser and the particles are homogeneous distributed, and most of the 

particles flow dispersedly as shown in Fig.3-11(a). 



Chapter 3Experimental study on gas-solid flow pattern and transition in fast fluidized bed 

- 59 - 

Fast fluidization (FF): (1) a dense bottom with solid volume fraction at 0.1-0.4 and a 

dilute upper zone in the riser can be observed, and the profile of solid volume fraction is 

S-shaped. Meanwhile, some dispersed clusters can be observed in the wall of the riser, 

as seen in Fig.3-11(b). Moreover, when further increase superficial gas velocity or 

decrease solid mass flux, the flow may transit to dilute phase flow; (2) when particle 

diameter is smaller than 100 m, the axial distribution of solid volume fraction in the 

riser change much slower with different superficial gas velocity and solid mass flux, 

and are exponential distributed. In this flow pattern, many particle clusters are 

emerging, and the distance between particles in the cluster are very short due to particle 

viscosity as in Fig.3-11(c). 

The equation of transition velocity can be converted to be expressed by the Reynolds 

number according to Eq.3-14 as follow: 

𝑅𝑒∗ =
ఘௗ

ఓ
൤𝑢୲୰ −

ఌ౪౨

(ଵିఌ౪౨  

ீ౩

ఘ౦
൨  (3-15) 

 

Fig.3-12 Typical flow pattern map of fast fluidized bed. 

According to Fig.3-12, the transition velocity can be described by theArchimedes 

number. The transition velocity for fast fluidized 1 can be expressed by: 

𝑅𝑒∗ = 1.2𝐴𝑟଴.ସଵ     300Ar104                                     (3-16) 
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The transition velocity for dilute phase flow can be expressed by: 

𝑅𝑒∗ = 1.75𝐴𝑟଴.ସ    300Ar104                                      (3-17) 

The transition velocity for fast fluidized 2 can be expressed by: 

𝑅𝑒∗ = 0.75𝐴𝑟଴.ସଽ    80Ar300                                      (3-18) 

 

3.4 Conclusions 

The flow patterns and transitions in a fast fluidized bed were investigated in this chapter. 

Experiments were carried out to study the effects of operating conditions on flow 

structure, e.g. solid volume fraction, gas-solid slip characteristics. The finding can be 

summarized as follows:  

(1) The flow structures from low velocity fluidization to high velocity fluidization in a 

fast fluidized bed have been investigated, and five distinct flow patterns can be 

identified. With increasing superficial gas velocity at various static bed heights, the 

flow patterns transit from bubbling flow (BF), slug flow (SF) and turbulent flow (TF). 

When the superficial gas velocity exceeds transition velocity utr , with increasing solid 

mass flux, the flow patterns transit from dilute phase flow (DPF) to fast fluidization 

(FF). 

(2) The solid volume fractions in the bottom of the riser first drop rapidly and then 

slightly with increasing superficial gas velocity. It is notable that when particle size 

dp=100m, the solid volume fraction changes very little with increasing superficial gas 

velocity. Moreover, the solid volume fraction increases with increasing solid mass flux 

gradually with constant superficial gas velocity. Likely, the increase of solid mass flux 

exerts less influence on the solid volume fraction of small particle, e.g. dp=100m. 

(3) The gas-solid slip characteristics is closely related to the superficial gas velocity and 

solid volume fraction. With increasing superficial gas velocity at constant solid volume 
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fraction, the slip velocity increases. Moreover, the particle size shows no effect on the 

impact of solid volume fraction on slip velocity, and the solid volume ration shows 

exponential relationship with dimensionless slip velocity. The variation of slip 

characteristics of Geldart B particles and Geldart A particles have similar tendency and 

the relations between slip characteristics and operating conditions are represented by 

equations. 

(4) The changes in pressure difference and images recorded by a high resolution digital 

CCD camera were used to identify and analyse the flow patterns of high velocity 

fluidization in a fast fluidized bed. Two flow patterns in high velocity fluidization are 

identified, i.e. dilute phase flow and fast fluidization, and the flow characteristics are 

further investigated. Moreover, a typical flow pattern map of a fast fluidized bed is 

plotted, and the equation for transition velocity is proposed to further illustrate the flow 

structures in high velocity fluidization. 
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4.1 Introduction 

Fast fluidized bed (FFB), usually working at a high operating gas velocity offers a 

variety of economic and environmental advantages over conventional fluidized beds 

due to its strong gas-solid contact, efficient mass and heat transfer and flexible 

operations[1-3], and has been widely used in many industries, e.g. petroleum, chemical, 

mineral, environmental and energy industries [4-7]. However, similar to many other 

gas-solid fluidized systems, the fast fluid bed has been reported to suffer from the 

clustering behaviours of particles [8-10]. Clusters, on the order of ten particle diameters 

in size, are considered to significantly affect the performance of the fast fluidized bed 

in terms of solid flow, mixing, and heat and mass transfer[11-13]. For example, the 

particle clusters with higher slip velocities tend to weaken the entrainment of gas [14], 

and facilitate the formation of core-annulus flow structures[15, 16]. Particle clusters 

existing in the riser are also responsible for the reduction of drag forces observed in 

the circulating fluidized bed experiments[17]. 

Given such significant influences of cluster, increasing researches are being focused 

on its behaviour and characteristics. Numerous research has been carried out on 

cluster structures in circulating fluidized bed. Bi et al. [18]presented four forms of 

particle clusters, including particle cluster, particle streamer, particle sheets and 

particles swarms based on experiment conducted in two-dimensional (2D) circulating 

fluidized bed. Horio et al. [10]studied the cluster behaviour and observed the horseshoe 

shape cluster in adilute phase flow by laser sheet technique. Shi et al. [19]classified 

four kinds of clusters, namely, micro clusters, core-annulus cluster, compact cluster 

and sparse clusters, and studied the effect of clusters on the flow field by particle 

imaging velocimetry (PIV) method. Xu et al. [20] concluded that four cluster forms 

were mainly observed in the centre region, i.e., upward-facing U-shape cluster, 
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downward-facing U-shape cluster, strand cluster and particle cluster. But the cluster 

structures presented in these studies are mostly qualitatively described, and most of 

the experiments were conducted in limited operating conditions in a 2D riser. 

McMillan et al. [21]illustrated the particle dynamics in riser by high-speed video. Yang 

et al. [22]and Mondal et al.[23]developed a systematic cluster identification process by 

image processing. The characteristic of clusters，mainly including the cluster structure 

and size, cluster duration time, appearance probability and solid concentration and 

their possible affecting factors (e.g., reactor structure, particle property and operating 

condition) had also been investigated in numerous previous studies[24-26]. 

However, unanimous conclusions have not yet been achieved up to now. Some 

research results available even appear to give contradictory trends about the 

influences of the key parameters such as particle properties and operating conditions. 

For example, Guenther et al. [27] found that cluster size increases with solid mass flux 

(Gs) monotonically, while Horio et al. [10] believed that cluster size decreased with Gs. 

Moreover, some researchers believed that cluster sizes increase with riser height[28], 

while other works indicated a reverse trend[29, 30].Additionally, most of previous 

studies were conducted under limited operating conditions in 2D circulating fluidized 

bed, but few studies of particle clusters have been carried out in 3D fast fluidized bed，

which is more common in practice. Therefore in-depth understanding of the flow 

hydrodynamics, especially the cluster behaviours, is essentially important and 

urgently required. 

In the current study, a 3D fast fluidized bed with the riser of 3.0 m in height and 0.1 m 

inner diameter was established to study the cluster behaviours of Geldart B particles. 

A series of experiments were conducted for quartz sand particles with various sizes 

under different conditions. A visualization system which captures cluster snapshots 
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and the binary image processing proposed by Mondal et al. [23]was further developed 

to analyse cluster characteristics. Cluster characteristics including the cluster structure, 

size and distribution feature were discussed, and the effects of particle properties and 

operating conditions were also investigated. 

 

4.2 Experimental system 

4.2.1 Fast fluidized bed apparatus 

Experiments were conducted in a fast fluidized bed which was illustrated schematically 

in Fig.3-1. The riser is made of Plexiglas with 3.0 m in height and 0.1 min inner 

diameter. The primary air at ambient temperature and pressure was supplied to the riser 

bottom through a perforated distributor plate with free area of 11% in 2.0 mm of orifice 

diameter. The humidity of the gas fed into the riser was 70~80%to avoid the misleading 

effects of electrostatic forces between particles [17]. At the riser top, the gas and solids 

passed through a smooth elbow and then first separated in the primary cyclone. Further 

gas-solid separation would be finished in the secondary cyclone and bag filter. 

The gas flow rate was measured by rotameters. The solid circulation rate could be 

calculated by multiplying the bulk density of solid material known by the solid 

volumetric flow rate which was estimated by measuring the velocity of a tracer particle 

travelling in downcomer. Thirteen pressure taps were set at heights of 0.050, 0.100, 

0.150, 0.300, 0.510, 0.720, 1.005, 1.290, 1.575, 1.860, 2.145, 2.43 and 2.715 m above 

the gas distributor and each two adjacent taps were connected to a pressure sensor. The 

pressure difference from two adjacent taps were collected by the pressure sensors and 

then converted into digital values by the A/D convertor, as seen in Fig.3-1. 

The snapshots of gas-solid flow in the riser were captured by the high-speed camera. 

Five kinds of quartz sand particles with the density of 2480 kg/m3were used as bed 
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materials in this study and their average diameters, dp, are 0.100, 0.139, 0.177, 0.250 

and 0.375 mm, respectively. In each experimental case, the total mass of the bed 

material was kept as 10kg. Superficial gas velocity, Ug, used in this paper varied from 

2.486 m/s to 5.594 m/s, and the solid mass flux, Gs, ranged from 10 to 70 kg/(m2s), 

which covered the most common flow regimes in fast fluidized bed.  

 

4.2.2 Cluster measurement 

The cluster visualization system consists of a high-speed camera, light resource and 

image processing program, shown in Fig.4-1. The frame rate of the high-speed camera 

is allowed up to 250 Hz, and the maximum resolution of images is 1280 1024 pixel. In 

experiments, the flow behaviors in three regions of the riser were respectively recorded 

by the high-speed camera as shown in Fig.4-2 with the observation time for each case 

being10s at the frame rate of 250 fps. Each video captured by high-speed camera then 

isconverted to 2500 sequential images in computer by a self-developed MATLAB 

program. 
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        Fig.4-1 Schematic of cluster visualization system. 

 

Fig.4-2 Schematic of visual section in the cluster visualization system. 

The images captured by the high-speed camera were processed with self-developed 

binary image program. The image corresponds to an area in riser which is 30cm in 

height and 10cm in width. As the solid concentration in the cluster is higher than the 

average local solid holdup, the grayscale value of the cluster in the images is 

accordingly higher than the average local grayscale value [29]. Thus, a threshold 

grayscale Ic could be used to identify the cluster region. The pixel with grayscale value 

higher than Ic would be recognized as cluster pixel and converted to white color, while 

the rest were set to black by program. Ic is determined by the follow equation: 

 (4-1) 

For each pixel, Iave was the average grayscale value calculated from the pixels at the 

same positions of 2500 frames images for 10s recording time; σ was the standard 

deviation of grayscale value for the pixel at this position during the recording time and 

k was cluster identification factor which would be discussed in detail in the next section. 

The grayscale values of every pixel in the image were evaluated respectively. 
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Fig.4-3 Images processing of clusters with various k: 

(a) original image, (b)k=0.5,(c)k=1.0,(d)k=1.5,(e)k=2.0,(f)k=2.5  

(Ug=4.35 m/s, Gs=66.9 kg/(m2s), dp= 0.250 mm). 

In Equation (4-1), the factor k was used to differentiate the cluster from background 

noise [36]. Fig.4-3 shows the results of separating the clusters from background when k 

varied from 0.5 to 3.0. As shown in regions 1 and 3 marked in red, when k was 0.5 or 1, 

dispersed particles in original image were identified as cluster, and the detected cluster 

areas were larger than the actual ones. If k was increased to 2.0 or 2.5, the cluster shown 

in region 2 of original image would be disappeared. In current experiments, k =1.5 is 

considered suitable. 

For a 3D fast fluidized bed, to reduce the difference of light illumination caused by the 

riser positions and curve surface, the visual region was carefully selected. The surface 

was marked in red line (from y direction) in Fig.4-2 was used in this study, and the 

central angle θ of visual region was π/3 in which the influence of curve surface could on 

the grayscale value be neglected. 

The cluster size used in this study is referring to the cluster width at a specified height. 

Thus the cluster size at a specified height was calculated by adding up the consecutive 
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cluster pixels at that height. To reduce errors caused by small gap inside a large cluster, 

a negligible distance C was proposed in this paper. If the distance between two 

separated cluster pixels was less than C, the two cluster pixels would be identified as 

the same cluster, otherwise two cluster pixels would be defined as two separated 

clusters. The total number of the cluster sand the cluster size are crucial parameters to 

evaluate the cluster behaviors, and obviously, the value of C would significantly affect 

the detected size and number of clusters.  

Fig.4-4 shows the different detected results of cluster size and number with varying C. 

When C=5 or C=10, the small branches of cluster would be recognized as two or three 

separated clusters, while C>15, different clusters were well distinguished. Thus, C=15 

is selected in this experiment. 

 

Fig.4-4 Image processing of cluster with various C: (a) C=5, (b)C=10, (c)C=15, 

(d)C=20 (Ug=2.80 m/s,Gs=37.1 kg/(m2s),dp= 100 mm). 
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4.3Results and discussion 

4.3.1 Cluster structures and evolutionary processes 

 

Fig.4-5Typical cluster structures observed in the riser wall of the fast circulating bed: 

(a) Stripe-shaped cluster, (b) Saddle-shaped cluster and (c) U-shaped cluster, with 

micro clusters accompanying them (Ug=4.04 m/s,Gs=54.9 kg/(m2s),dp= 0.375 mm). 

 

In current experiments with Geldart B particles, clusters are found to always appear at 

the interface between particle streams that have obvious velocity difference. According 

to the different cluster shapes and evolutionary processes, four typical cluster structures, 

namely stripe-shaped cluster, saddle-shaped cluster, U-shaped cluster and micro cluster 

were found in the wall region as seen in Fig.4-5. 

 

 Stripe-shaped cluster:  

The stripe-shaped cluster with the length usually ranging from about 300 mm to 1000 

mm is the most common cluster observed when the riser presents the core-annulus flow 

structure in the current study. In literature, it was also known as “strand cluster” with 
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length varying from 100 mm to 500 mm [20].In the core-annulus flow regime exists the 

rapid upward dilute particle stream in the centre of riser with a relatively dense annulus 

near the wall, where particle streams may move downwards or upwards with a 

significant slower velocity. Because such significant differences in velocity magnitudes 

or even the opposite velocity directions exist between the particle streams, the particles 

will obviously decelerate and accumulate at the interfaces where they encounter each 

other.  

At the radial direction, particles at the interface region tend to be further compressed to 

form stripe-shaped clusters moving to the wall, as shown in Fig.4-6(a). This is because 

the accumulated particles in the interfaces build up the resistance to the gas-solid flows, 

the flows must re-distribute their paths with the least resistance by compacting 

accumulated particles to be dense stripes and pushing them from the riser centre aside 

to the wall according to the theory of energy minimization.  

The above evolutions of the stripe-shaped clusters are closely related to the flow 

conditions and the particle properties. For larger particles, the stripe-shaped clusters are 

possible to move upwards when the upward flowing dilute particle stream has the 

relatively stronger momentum due to its higher speed; otherwise, the clusters may 

travel downwards when the momentum of downward particle stream is stronger due to 

its denser solid concentration shown in Fig.4-6(b). Due to instable gas-solid flows, the 

state of these stripe-shaped clusters including their length, width, position may 

constantly change until they finally vanish. At the same time new strip-shaped clusters 

appear continuously at other positions in the riser, as shown in Fig.4-6(c)-(j). 

Additionally, Fig.4-6(c) shows that sometimes particles might aggregate much more 

seriously at some locations than others in the stripe-shaped clusters. As some branches 

of the cluster grow to a large size and overbalance the carrying capacity of the gas flow, 
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they will collapse from the stripe-shaped clusters and fall down much faster as shown 

in Fig.4-6(d). Such velocity difference between the collapsed clusters and their 

surrounding particles will bring numerous micro clusters whose size are usually smaller 

than 30 mm on the lateral sides, as seen in Fig.4-6(f). 

Such collapsing phenomena of particle aggregations are more common for small 

particles, for example, ds=100 μm. The smaller particles tend to aggregate more closely 

in the stripe-shaped clusters, making them harder to be blown over by the gas. 

Therefore, when the sizes of Geldart B particles are very small, the gas-solid flows in 

the riser tend to be more complicated with the continuously forming and collapsing 

macro stripe-clusters and the abundant micro clusters.  
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Fig.4-6Typical evolutionary processes of the stripe-shaped cluster 

 (Δt=0.04 s, Ug=4.04 m/s,Gs=54.9 kg/(m2s),dp= 0.375 mm). 

 

 Saddle-shaped cluster 

When the dilute gas-solid streams or jet flows upwards, both micro and macro clusters 

may appear at their fronts. In the central region of the riser with the low solid 

concentration, micro clusters often form when the rapid upward particle stream 

encounters the surrounding particles, and then are quickly blown off or swept away. 
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However, in the wall region, the instable upward dilute gas-solid stream or jet may 

encounter the dense downward particle streams, and the large saddle-shaped clusters, 

with its length usually ranging from 30mm to 200mm in the current study, will be 

observed at the fronts of gas-solid streams as seen in Fig.4-7(a). 

The following motion and evolution of the saddle-shaped clusters are closely related to 

the dynamical states of particlessteams located in the different sides of the interface. If 

the momentum of ascending particle stream/jet with higher speed is larger than that of 

the descending particle stream with higher solid concentration, the saddle-shaped 

clusters at the front interface will move and expend upward. Finally, they may be 

broken up by the upward particle stream itself, or they may be impacted and destroyed 

by the other strong clusters. Otherwise, if the momentum of the downward particle 

stream is larger than that of the upward particle stream/jet, the saddle-shaped cluster at 

the interface of these two streams of particles will move downwards with a slow 

velocity (about 0.33m/s in Fig.4-7)and become denser by aggregating more particles, 

as seen in Fig.4-7(b)-(i). During they move downward, the saddle-shaped interface will 

keep narrowing because the front of upward flow is being compacted, until the cluster 

may finally lose its saddle shape, as shown in Fig.4-7(f)-(i). Another possibility is that 

the growing particle aggregation finally suddenly collapse and fall down rapidly as it 

overbalanced with the stream carrying capacity.  
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Fig.4-7 Typical evolutionary processes of the saddle-shaped cluster  

(Δt=0.04 s, Ug=4.04 m/s,Gs=54.9 kg/(m2s),dp= 0.375 mm). 

 

 U-shaped cluster:  

As mentioned above, particle aggregations possibly collapse from the original interface 

and fall down rapidly. The falling particle aggregates with faster velocities than the 

surrounding particles will bring the U-shaped clusters along the boundaries, as shown 

in Fig.4-8(a) and (b).The U-shaped cluster consists of the downward dense cluster core, 
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namely the originally collapsed particle cluster, and two upward sparse tails, namely 

the new cluster formed along the boundary as the cluster core falling. The total length 

of U-shaped cluster usually vary from 50 mm to 300 mm and its falling velocity is 

about 0.9m/s in Fig.4-8, which is more than 2 times the velocity of the other kinds of 

clusters (in Fig.4-6 and Fig.4-7). The U-shaped clusters have also been observed in wall 

regions in previous studies [10][20].It is notable that the U-shaped clusters observed in the 

study of Horio et al. [10] are smaller than that in the current study, because the particles 

used in their experiments are smaller than quartz sand particles used in our study. 

When the U-shaped clusters fall as shown in Fig.4-8(c)-(h),more particles possibly 

aggregate at the front and its cluster core becomes denser. At last, the growing cluster 

core might collapse again from the front of the U shaped cluster as shown in 

Fig.4-8(i)-(j)and falls down rapidly. The original U-shaped cluster will then deform or 

even disappear.  

As discussed above, U-shaped cluster usually forms as the particle aggregations are 

very large or dense. Its serious particle aggregations and rapid falling speed will 

significantly disturb the gas-solid flow in the riser and are very unfavourable for the 

heat and mass transfer and reaction.  

 

 Micro cluster:  

Apart from often accompanying the fast-moving macro clusters or appearing in the 

dilute gas-solid streams in the central region of the riser, numerous micro clusters also 

have been observed in the riser. Micro cluster, which is also called as particle cluster [18], 

is usually smaller than 30mm. The gas-solid turbulence causes the velocities and 

directions of particles to change constantly and form low pressure region, which draw 

the surrounding particles toward them. As the turbulent particle streams keep crashing 
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with each other, a large number of micro clusters appear frequently and then quickly 

disappear. 

The formation and evolution of clusters in the riser of the fast circulating bed are very 

complicated, as the above four typical clusters often appear simultaneously, influence 

mutually and sometimes interconvert into each other. For example, when a larger 

particle aggregation collapses from the stripe-shaped cluster or the saddle-shaped 

cluster, the original cluster probably disappears, while a new U-shaped cluster forms. 

When two U-shaped clusters fall abreast, a saddle-shaped cluster could be easily found 

between them. Besides, clusters with irregular shapes probably forms when the above 

typical clusters encounter each other.  
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Fig.4-8 Typical evolutionary processes of the U-shaped cluster 

(Δt=0.02 s, Ug=4.04 m/s,Gs=54.9kg/(m2s),dp= 0.375mm). 

 

4.3.2 Cluster size 

In this section, the effects of operating conditions and particle properties on the cluster 

size are studied in terms of horizontal width of the cluster. The average cluster sizes are 

calculated by analysing the processed images from 10s high speed camera at 250fps, 

with the Ug ranges from 2.486m/s to 5.594m/s and the solid mass flux is approximately 
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55kg/(m2s). Fig.4-9 displays the average cluster size dcl as functions of Ug at three 

heights, i.e. h/H=0.23, 0.33, 0.43. It can be seen from the figure that the average cluster 

size increases with increasing superficial gas velocity, which is inconsistent with 

previous study [23]. This may be because two studies are conducted in different flow 

regimes and riser structures. The experiments of Mondal et al. [23]are carried out in a 

much lower superficial gas velocity, where the Ug changes the solid holdup in the riser 

significantly and the solid holdup may affect the formation of cluster obviously. When 

Ug increases, the drag force exerted on the particles is getting greater[31], so as the gas 

carrying capacity. As the Ug increases from 2.486m/s to 5.594m/s, the flow regime 

changes from fast fluidization to dilute flow. The account of downward particles 

decreases with increasing Ug, and the interactions between upward and downward 

particle streams become less severe. Thus particle clusters are less likely to be shed or 

broken down by the particle flows from different directions and are easier to form wider 

clusters with most upward particles at higher Ug. Moreover, it can be seen from the 

figure that larger particles make wider clusters, which agrees with previous studies [31, 

32], and the effect of Ug on the average cluster size appears to be greater for the larger 

particles. Especially, when dp=0.10 mm, the average cluster size changes very little 

with increasing Ug at three heights. For small particles, the structures of clusters are 

narrower and more stable because of denser packing. Thus, increasing Ug is more 

likely to result in more disperse cluster distribution, rather than broking them or 

changing the shapes of the clusters. As for large particles, e.g. dp= 0.250 mm or 0.375 

mm, the structure of cluster is more loose, which is easier changed by the particle flows. 

It is notable that the increasing axial position results in larger average cluster size, 

which is consistent with result of Mondal et al. [23]. At the lower part of riser, due to the 

intensive gas-solid turbulence, the particles interact with each other severely, thus the 
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clusters are more likely to break into smaller ones. As riser height increases, particles 

experiencing more shear stresses tend to aggregate into larger clusters. 

 

 (a) 

 

(b) 

 

(c) 
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Fig.4-9 Effects of superficial gas velocity on average cluster size at three heights: 

(a) h/H=0.23; (b) h/H= 0.33; (c) h/H=0.43. 

Fig.4-10 shows the effect of solid mass flux on the average cluster size at three heights, 

i.e. h/H=0.23, 0.33, 0.43. The overall trend shows that the increase in solid mass flux 

results in smaller cluster at each height, this is in accordance with the work of Horio et 

al. [10]. At the lower region of the riser (h/H=0.23), the cluster size changes slightly with 

increasing Gs, especially for dp=0.100 mm, the cluster size of which shows little 

difference with various Gs. 

 

(a) 

 

(b) 
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(c) 

Fig.4-10 Effects of solid mass flux on average cluster size at three heights:  

(a) h/H=0.23; (b) h/H= 0.33; (c) h/H=0.43. 

At h/H =0.33, it is notable that small particles (dp=0.100 mm, 0.139 mm, 0.177 mm) 

show similar trend as in Fig.4-10 (a), while the cluster size of large particles (dp=0.250 

mm, 0.375 mm) decreases dramatically with increasing Gs. It can be explained by that 

the increasing solid mass flux gives rise to solid volume fraction and increases gas-solid 

turbulence. Thus, it is more likely to break the large cluster in the higher bed into small 

ones, while the small clusters in the lower bed are less susceptible to increasing 

gas-solid turbulence. As shown in Fig.4-10 (c), the cluster size distribution shows the 

same trend as that of lower region, because the larger clusters are easier to be interfered 

by the solid mass flux.  

 

4.4 Cluster time fraction 

In this study, the cluster time fraction at a specified height, Fc, is defined as the ratio of 

the sum time of the clusters appears to the total sampling time at that height.Fig.4-11 

presents the influence of superficial gas velocity on cluster time fraction at three 

heights. The cluster time fraction is several times higher than previous studies [9, 34], 
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because the detect area in this research is much wider compared with previous studies. 

In the lower part of the bed shown in Fig.4-11(a), the effect of increasing superficial gas 

velocity on the cluster time fraction is less significant compared with the higher bed. 

Due to the intensive gas-solid turbulence in the lower part, the cluster time fractions of 

particles with different sizes are kept at 0.6 to 0.9 and change slightly at h/H=0.23. High 

up in the riser, the cluster time fraction decreases with increasing superficial gas 

velocity, which may be explained by that higher superficial gas velocity at constant 

solid mass flux leads to lower solid volume fraction. Lower solid concentration results 

in less intensive gas-solid turbulence and less frequency of clusters. The effect of 

particle size on the cluster time fraction becomes more obvious in higher bed. It is 

notable that cluster time fraction of small particles, e.g. dp=0.100 mm, change mildly 

with increasing superficial gas velocity, while that of larger particles reduces greatly 

with higher Ug. This is consistent with our previous result that clusters of smaller 

particles are more packed than those of larger particles, especially for the particles of 

dp=0.100 mm. As shown in Fig.4-11(b) and (c), the effect of axial positions on the 

cluster time fractions is surprisingly insignificant, which can be explained by that the 

solid concentration in both heights are with small variations. 

The effect of solid mass flux on cluster time fraction at three heights is illustrated in 

Fig.4-12. At lower part of riser (h/H=0.23), the cluster time fraction ranges between 0.6 

to 0.8 and increases slightly with increasing solid mass flux, while decreases with 

increasing particle size. As shown in Fig.4-12(b) and (c) at h/H= 0.33 and 0.43, the 

cluster time fraction increases with increasing solid mass flux, this may be explained by 

that the intensive gas-solid turbulence in higher Gs encourages cluster formation and 

results in higher cluster frequency. The effects of Gs and dp becomes more obviously at 

h/H= 0.33 and 0.43. With increasing particle size, the reduction of cluster time fraction 
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due to increasing Gs for large particles becomes greater. This can be explained by that 

the large particles form loose cluster while small particles make more packed clusters, 

which makes it more difficult to break the cluster of small particles with increasing Gs. 

Moreover, the increase of cluster time fraction becomes the most significant at 

h/H=0.43. The solid concentration at higher bed is relative low compared with lower 

bed, thus the gas-solid turbulence introduced by increasing Gs plays more significant  

role in increasing cluster frequency and cluster time fraction. 

 

 

(a) 

 

(b) 
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(c) 

Fig.4-11 Effects of superficial gas velocity on cluster time fraction at three heights: 

(a) h/H=0.23; (b) h/H= 0.33; (c) h/H=0.43. 

 

   (a) 

 

(b) 
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(c) 

Fig.4-12 Effects of solid mass flux on cluster time fraction at three heights: 

(a) h/H=0.23; (b) h/H= 0.33; (c) h/H=0.43. 

 

4.5 Conclusions 

A three-dimensional (3D) fast fluidized bed with the riser of 3.0 m in height and 0.1 m 

in inner diameter was established to experimentally study the particle clustering 

behaviours of Geldart B particles. Five kinds of quartz sand particles (dp=0.100, 0.139, 

0.177, 0.250 and 0.375 mm and ρp=2480 kg/m3)were respectively investigated, with 

the total mass of the bed material kept as 10kg/(m2s) and the superficial gas velocity 

ranging from 2.486 to 5.594 m/s. Particle cluster characteristics and evolutionary 

processes in the different positions of the riser were captured by the cluster 

visualization systems and analysed by the self-developed binary image processing 

method. Main results can be summarized as follows: 

(1) In the riser of the fast fluidized bed with Geldart B particles, four typical cluster 

structures, namely the macro-scale stripe-shaped cluster, saddle-shaped cluster, 

U-shaped cluster and the micro cluster are commonly found in the core-annulus flow 

regime, while only stripe-shaped cluster and micro clusters mainly forms in the dilute 
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flow regime. Macro clusters with clear shapes start to appear in the region that higher 

than about1/4 riser height. 

(2) The average cluster size increases with increasing superficial gas velocity and 

particle size, while decreases with growing solid mass flux in the riser. When particle 

size is small, the effect of superficial gas velocity on the average cluster size becomes 

less obvious, especially for particles less than 0.100 mm. The average cluster size 

usually presents a significant increase with the axial height varying from the 1/5 to 1/3 

of riser height, and then changes slightly with height in the higher region. 

(3) The cluster time fraction decreases with increasing superficial gas velocity and 

particle size, while it increases with rising solid mass flux. The effects of operating 

conditions on cluster time fraction also become less obvious for small particles. The 

cluster time fraction in the lower region is much higher than that of higher bed. 
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5.1 Introduction 

The clusters in the core region of riser could not be observed directly by non-intrusive 

method due to the dense annulus particle layer at the wall, the understanding of clusters 

hydrodynamics properties is still lacking. The numerical simulation method is an 

important way to study the gas-solid flow behavior in a complex dense gas-solid flow, 

which can effectively overcome the shortage of the existing experimental conditions 

and measurement, and simulate the flow structure and the details of the gas-solid flow.  

There are two primary modelling approaches for the typical fluidization system, 

consisting of Eulerian-Eulerian method and Eulerian-Lagrangian method. In two-fluid 

models (TFM), the gas and solid phases are both considered as continuous mediums, 

described in terms of separate sets of conservation equations and coupling by the 

interaction terms between the gas and solid phase. It provides a convenient and simple 

method to calculate the gas-solid behaviour. However, the traditional TFM cannot 

provide detailed information of particle movement, the discrete character of solid phase 

at microscopic level lose due to its continuum assumptions[3]. 

The Eulerian-Lagrangian (EL) method treats particles as separate, solid objects and 

their behaviours are modelled by the Newtonian equations of motion. The traditional 

Eulerian-Lagrangian approach, CFD-DEM (computational fluid dynamics-discrete 

element method), can track each discrete particle and compute particle-particle 

collision. However, the high computational cost limits the application of this method in 

large dense solid gas flow system 

Due to the limitation of computational resources and the complexities of flow 

characteristics in simulation of full loop circulating fluidized bed, most the early 

simulations of fast fluidized bed are conducted for the riser part or in separate structure. 

However, as the downer maintain the pressure balance and realize a self-equilibrium 



Chapter 5Three dimensional Eulerian-Lagrangian Simulation of the Fast Fluidized Bed 

- 97 - 

of the loop[1], thus the simulation result from separated part of the circulating fluidized 

bed may be quite different from the experimental results. The simulation of full-loop 

fast fluidized bed could capture the flow behaviour of the whole circulation system 

efficiently and obtain detail information of gas-solid flow[2], which has got wide 

attention recently. Moreover, with the development of computing capability and the 

improvement of simulation method, more and more studies have been proposed on 

flow behaviour of fast fluidized bed by full-loop simulation method. 

Recently, another Eulerian-Lagrangian approach, multiphase particle-in-cell (MP-PIC) 

method, proposed by Andrews et al.[4] has attracted much attention because of its 

specific advantages at the extremely efficient calculation. In MP-PIC scheme, the 

particle-particle collision is not calculated directly by CFD-DEM, but through the 

particle stress gradient based on the Eulerian grid. Meanwhile, the real particles are 

grouped into computational particles (parcel) each including one or a certain amount of 

particles with uniform size, density, velocity, etc. On the basis of the computational 

particles, the dense gas-solid fluidization system at large scale can be analysed through 

a reasonable amount of particles [5-6].  

Based on the multi-phase particle-in-cell (MP-PIC) methodology and experimental 

set-up in chapter 2, a three-dimensional Eulerian-Lagrangian numerical model, 

boundary conditions and numerical method were developed for fast fluidized bed 

handling Geldart B particles. The sensitivity of some crucial modelling parameters, 

including grid resolution, the number of particle per parcel, the drag force model and 

the particle close pack volume fraction have been systematically analysed, and 

optimized. The full-loop numerical simulation of three-dimensional fast fluidized bed, 

including riser, two-level cyclones, downer and J-type back-feeder was achieved.  
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5.2 Mathematical model

5.2.1 Governing equations of g

In MC-PIC approach, the gas 

Eulerian computational 

Navier-Stokes equations. 

The mass and momentum equations are given as follows

ப(ఌ೒ఘ೒)

ப୲
+ · ൫𝜀௚𝜌௚𝒖௚൯ =

ப(ఘ೒ఌ೒𝒖೒)

ப୲
+ · ൫𝜌௚𝜀௚𝒖௚𝒖

where𝒖௚and p are gas velocity vector and pressure,

solid volume fraction, respectively,

solid phases per unit volume.  

𝑭 = ∬ 𝑓𝑚(𝐷௣൫𝒖௚ − 𝒖௣൯

Where𝒖௣  and 𝜌௣ is the particle velocity and density, 

particle in the position. 

5.2.2 Turbulence model 

In this study, the large eddy simulation

which is the combination of 

LES model decomposes the turbulence into the large vortices and the small vortices. 

The large eddy motion 

numerical solution of the Navier

large eddy motion is simulated by establishing a model

In LES, a mathematical filter function is 

of large scale vortex from the instantaneous equation of turbulence, 

filtered out by the smaller scale than the filter function

dimensional Eulerian-Lagrangian Simulation of the Fast Fluidized Bed

model 

Governing equations of gas phase 

the gas phase is described as continuous phase and calculated 

 grids. The movement of gas phase is described by 

 

The mass and momentum equations are given as follows: 

൯ 0(5-1)                                          
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gas velocity vector and pressure,𝜏௚ and 𝜀௚ are gas stress tensor and 

solid volume fraction, respectively,𝑭 is the momentum exchange rate between gas and 

solid phases per unit volume.   
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is the particle velocity and density, 𝐷௣  is the drag function for 

 

In this study, the large eddy simulation (LES) method was used as turbulence model, 

is the combination of the direct simulation and the Reynolds mean method

decomposes the turbulence into the large vortices and the small vortices. 

 (larger than the grid scale) is directly calculated by the 

numerical solution of the Navier-Stokes equation, while the effect of small vortex on 

large eddy motion is simulated by establishing a model. 

a mathematical filter function is established to decompose the motion equat

of large scale vortex from the instantaneous equation of turbulence, while

filtered out by the smaller scale than the filter function. The influence of the small eddy 
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The movement of gas phase is described by 
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are gas stress tensor and 

is the momentum exchange rate between gas and 

is the drag function for 

method was used as turbulence model, 

the direct simulation and the Reynolds mean method. The 

decomposes the turbulence into the large vortices and the small vortices. 

is directly calculated by the 

Stokes equation, while the effect of small vortex on 

to decompose the motion equation 

while the vortex is 

of the small eddy 
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on the large eddy is introduced by the equation of the large eddy flow field. The stress 

term is similar to the Reynolds stress term in the Reynolds average method, which is 

called sub grid scale stress. The corresponding model is sub grid scale stress 

(SGS)model. 

The physical space filtering is essentially an application of an average operation, which 

uses a given filter function G to decompose the flow variable f (xi) into a large grid 

scale variable𝑓(̅𝑥௜) and a small grid scale variable𝑓ᇱ(𝑥௜). 

ቊ
𝑓(̅𝑥௜) = 𝐺(𝑥௜ − 𝑥௜

ᇱ)𝑓(𝑥௜)𝑑𝑥௜
ᇱ

𝑓ᇱ(𝑥௜) = 𝑓(𝑥௜) − 𝑓(̅𝑥௜)
 (5-4) 

Three filter functions are most commonly used: the box filter function, the rich phase 

filter function and the Gauss filter function. Among the three functions, the Gauss 

filter function has the best performance, but it costs a lot computation resource, while 

the box filter function is the most popular filter function.  

The expression of the box filter function is: 

𝐺(𝑥௜ − 𝑥௜
ᇱ) = ൞
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The expression of therich phase filter function is: 
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The expression of the Gauss filter function is: 
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5.2.3 Equation of particle motion

In MC-PIC method, the transport equation of 

used to predicting the dynamic

position xp, velocity up, mass 

average particle number in per unit volume with time 

velocity in the interval (up

equation for f is： 
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where fD is the particle

O’Rourke et al.[13]considered the influences of particle recovery efficient and 

distribution of the non-equilibrium particles on the particle collision time. The second 

term on the right of the equation 

tend to the isotropic Gauss distribution, where 

of the particle collision relaxation time and particle equilibrium state under that effect, 

respectively. 

The solid phase is simulated by Lagrangian method, calculating the effect of 

numerical particle on the gas

np real particles with the same particle properties (e.g. particle density, particle size) at 

position xp(xp,yp,zp). 

The motion equation of particle movement is

ୢ𝒙౦

ୢ௧
= 𝒖୮(5-10) 

The particle acceleration is:

dimensional Eulerian-Lagrangian Simulation of the Fast Fluidized Bed

Equation of particle motion 

method, the transport equation of particle distribution function (PDF) is 

dynamic of the particle phase. PDF is a function of 

, mass mp and time t. The function f(xp,up,mp,

average particle number in per unit volume with time t in the interval (

p,up+dup), mass in the interval (mp,mp+dmp) 
[6]
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9) 

particle distribution function,D is the collision damping time. 

considered the influences of particle recovery efficient and 

equilibrium particles on the particle collision time. The second 

term on the right of the equation includes the effect that velocity of collision particles 

Gauss distribution, where G、fG refers to the distrib

of the particle collision relaxation time and particle equilibrium state under that effect, 

The solid phase is simulated by Lagrangian method, calculating the effect of 

particle on the gas-solid flow efficiently. Each numerical particle contains 

real particles with the same particle properties (e.g. particle density, particle size) at 

The motion equation of particle movement is: 

The particle acceleration is: 

Lagrangian Simulation of the Fast Fluidized Bed 

distribution function (PDF) is 

of the particle phase. PDF is a function of particle 

,t)dmpdup is the 

in the interval (xp,xp+dxp), 

[6]. The transport 

is the collision damping time. 

considered the influences of particle recovery efficient and velocity 

equilibrium particles on the particle collision time. The second 

s the effect that velocity of collision particles 

refers to the distribution function 

of the particle collision relaxation time and particle equilibrium state under that effect, 

The solid phase is simulated by Lagrangian method, calculating the effect of 

numerical particle contains 

real particles with the same particle properties (e.g. particle density, particle size) at 
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ୢ𝒖౦

ୢ௧
= 𝐷୮൫𝒖୥ − 𝒖୮൯ −

ଵ

ఘ౦

where up is particle velocity

normal stress, Ff is the particle friction force, which plays an important role in dense 

particle flow. 

The particle friction force 

𝑭୤ = 𝑐୤𝑭𝐍 (5-12) 

where cf is the coefficient of friction ratio and

particles, calculating the average friction force on each mesh

5.2.2.1 Collision model 

The particle-particle force is calculated by a spring

contact in DEM method [15, 16]

by particle stress gradient in MC

The normal stress p of particle

with spatial gradients. The discrete particle volume is mapped to the grid cell and then 

the derived solid volume fraction is use

Eulerian grid. Finally, the contact normal stress is applied to discrete particles. The 

stress model used here is proposed by

𝜏୮൫𝜀୮൯ =
௉౩ఌ౦

ಋ

௠௔௫ൣఌౙ౦ିఌ౦,ఏ(ଵିఌ

where Ps, and are model

pack.  

dimensional Eulerian-Lagrangian Simulation of the Fast Fluidized Bed

൯ 𝑝 + 𝒈 −
ଵ

ఌ౦ఘ౦
𝝉୮ + 𝑭୤(5-11) 

is particle velocity, p is the particle density, p is the particle

is the particle friction force, which plays an important role in dense 

The particle friction force Ff can be express by: 

is the coefficient of friction ratio and FN is the average normal stress of 

the average friction force on each mesh[14]. 

particle force is calculated by a spring-damper model and direct particle 

[15, 16], while the collision forces between particles calculated 

e stress gradient in MC-PIC method.  

particle, representing particle-to-particle collisions is modeled 

The discrete particle volume is mapped to the grid cell and then 

the derived solid volume fraction is used to calculate the particle stress gradient on 

Eulerian grid. Finally, the contact normal stress is applied to discrete particles. The 

proposed by Harris and Crighton[17]. 

ఌ౦)൧
(5-13) 

are model constants, and cp is the particle volume fraction at close 

Lagrangian Simulation of the Fast Fluidized Bed 

particle contact 

is the particle friction force, which plays an important role in dense 

is the average normal stress of 

damper model and direct particle 

, while the collision forces between particles calculated 

particle collisions is modeled 

The discrete particle volume is mapped to the grid cell and then 

d to calculate the particle stress gradient on 

Eulerian grid. Finally, the contact normal stress is applied to discrete particles. The 

is the particle volume fraction at close 
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5.2.2.2Particle damping collision model 

The damping effect of collision between particles are calculated by 

Bhatnagar-Gross-Krook (BGK) collision model, which model the relaxation of profile 

of particle velocity toward the equilibrium state[18, 19]. 

In the BGK collision model, the collision damping time 𝜏ୈ has a positive correlation 

with particle collision time, which is calculated by the correlation derived by O’Rourke 

et al. [13, 20]: 

ଵ

ఛీ
=

଼√ଶ

ଷ஠

∑ ௡౦൫௥౦ା௥యమ൯
ర

౦ ൫௨౦,౟ି௨ഠതതത൯
మ

∑ ௡౦౦ ൫௥౦ା௥యమ൯
మ

ට൫௨౦,౟ି௨ഠതതത൯
మ

𝑔଴൫𝜀୮൯𝜂(1 − 𝜂)(5-14) 

where 𝑔଴൫𝜀୮൯ =
ఌౙ౦

ఌౙ౦ିఌ౦
，𝜂 =

ଵା௘౦

ଶ
，𝑒୮ is the particle-particle restitution coefficient, is 

the Sauter mean radius of the cell. 

 

5.2.4 Particle-gas interaction 

Drag force model has brought out the significance in modelling the hydrodynamic 

characteristics in CFB risers. The drag force models adopted in Barracuda software are 

as follows: 

(1)Wen-Yu model 

This model is an appropriate choice for the gas-solid flow with solid volume fraction 

ranges between 0.01 to 0.61[21]： 

𝐷୮ =
ଷ

ସ
𝐶ୢ

ఘౝห𝒖ౝି𝒖౦ห

ௗ౦ఘ౦
(5-15) 

where the drag force coefficient is defined by 

𝐶ୢ =

⎩
⎨

⎧
ଶସ

ோ௘
𝜀୥

ିଶ.଺ହ𝑅𝑒 < 0.5

ଶସ

ோ௘
𝜀୥

ିଶ.଺ହ(1 + 0.15𝑅𝑒଴.଺଼଻)0.5 ≤ 𝑅𝑒 ≤ 1000

0.44𝜀୥
ିଶ.଺ହ𝑅𝑒 > 1000

                     (5-16) 
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(2) Ergun model  

This model is a suitable for the gas-solid flow with solid volume fraction ranges 

between 0.47 to 0.7[22]: 

𝐷୮ = (
஼భఌ౦

ఌౝோ௘
+ 𝐶ଶ)

ห𝒖ౝି𝒖౦ห

ௗ౦ఘ౦
(5-17) 

where the coefficient of viscous term𝐶ଵ = 150，and the coefficientof inertialterm𝐶ଶ =

1.75. 

(3) Gidaspow model 

This drag model is a combination of Wen-Yu and Ergun models，which is applicable to 

the gas-solid flow ranges from dilute flow to dense flow[23]： 

𝐷୮ =

⎩
⎨

⎧
𝐷୛ୣ୬ିଢ଼ 𝜀୮ < 0.75𝜀ୡ୮

൫𝐷୉୰୥୳୬ − 𝐷୛ୣ୬ିଢ଼୳൯ ൬
ఌ౦ି଴.଻ହఌౙ౦

଴.଼ହ ౙ౦ି଴.଻ହ ౙ౦
൰ + 𝐷୛ୣ୬ିଢ଼୳     0.75𝜀ୡ୮ ≤ 𝜀୮ ≤ 0.85𝜀ୡ୮

𝐷୉୰୥୳୬𝜀୮ > 0.85𝜀ୡ୮

 (5-18) 

(4)Strokes model  

𝐷୮ =
ଽ

ଶ

ఓౝ

௥౦
మఘ౦

(5-19) 

(5) Turton-Levenspiel model  

𝐷୮ =
ଷ

ସ
𝐶ୢ

ఘౝห𝒖ౝି𝒖౦ห

ௗ౦ఘ౦
(5-20)                        

𝐶ୢ =
ଶସ

ோ௘
(1 + 0.173𝑅𝑒଴.଺ହ଻)𝜀୥

ିଶ.଺ହ +
଴.ସଵଷ

ଵାଵ଺ଷ଴଴ோ௘షభ.బవ
𝜀୥

ିଶ.଺ହ (5-21) 

(6) Richardson model  

𝐷୮ =
ଷ

ସ
𝐶ୢ

ఘౝห𝒖ౝି𝒖౦ห

ௗ౦ఘ౦
(5-22)   
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5.2.5 Boundary condition and initial condition 

The no-slip boundary can be specified for the gas phase, a bounce-back condition for 

the particle-wall collision is used[24]: 

𝒏 ∙ 𝒖୮ = −𝑒୵୬𝒏 ∙ 𝒖୮
(଴)(5-23) 

𝜏 ∙ 𝒖୮ = 𝑒୵த𝜏 ∙ 𝒖୮
(଴)(5-24)  

where 𝑒୵୬ and 𝑒୵த  are the normal and tangential particle-wall restitution 

coefficients, respectively,𝒖୮
(଴)is the particle velocity before collision. 

The mass flow rate and the volume fraction of the gas phase and solid phase at the 

inlets were set according the gas mass flow rate and solid mass flux. The pressure 

boundary condition was adopted at the outlets. The initial condition the riser was 

filled with air and the gas velocity was zero. 

 

5.2.5 Numerical solution 

In the MP-PIC method, the particle properties are mapped from particle location to the 

Eulerian grid to obtain grid-based properties, and used to further calculation. The 

particle volume fraction at cell ξ can be calculated: 

𝜀୮ஞ =
ଵ

௏ξ
∑ 𝑛୮𝑉୔𝑆pξ

ே౦

ଵ (5-25) 

where V୔ is the volume of particle，𝑉ξ is the volume of cell，𝑛୮ is the number of 

the real particles in a numerical particle,𝑁୮ is the number of numerical particle and 

𝑆pξ is the interpolation operator. The total volume of particle phase and gas phase is 1,  

namely 𝜀୮ + 𝜀୥ = 1. 

The velocity of particle is updated by integration of the particle acceleration equation: 

𝒖୮
୬ାଵ =

𝒖౦
౤ା௱ ቈ஽౦𝒖ౝ,౦

౤శభି
భ

ഐ౦
𝛁௣౦

౤శభି
భ

ഄ౦ഐ౦
𝛁ఛ౦

౤శభା𝒈ା
𝒖౦

౤തതതതష𝒖౦
౤

ഓీ
቉

ଵା௱௧஽౦
(5-26) 
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where 𝒖୥,୮
୬ାଵis the interpolated implicit gas velocity at the position of particle, 𝛁𝑝୮

୬ାଵis 

the interpolated implicit pressure gradient at the position of particle and 𝛁𝜏୮
୬ାଵ is the 

interpolated particle stress gradient at the position of particle. 

The position of particle at the next time step can be expressed by: 

𝒙୮
୬ାଵ = 𝒙୮

୬ + 𝒖୮
୬ାଵ𝛥𝑡(5-27) 

The gas phase and the particle phase are coupled through the interphase momentum 

exchange implicitly in the fluid momentum equation. In cell ξ， the interphase 

momentum transfer function can be expressed by: 

𝐹ξ
୬ାଵ =

ଵ

௏ξ
∑ 𝑆ξ ቂ𝐷୮൫𝑢୥,୮

୬ାଵ − 𝑢୔
୬ାଵ൯ −

ଵ

஡ౌ
𝛁𝑝୮

୬ାଵቃ 𝑛୔𝑚୔୮୔                     (5-28) 

where 𝑚୔ is the mass of a particle, and the interphase drag force 𝐷୮ is calculated by a 

drag model with the drag coefficient𝐶ୢ. 

𝐷୮ =
ଷ

ସ
𝐶ୢ

ఘౝห𝒖ౝି𝒖౦ห

ௗ౦ఘ౦
(5-29) 

In MP-PIC method, the gas phase equations are discrete in finite volume form with 

staggered scalar and momentum nodes. A SIMPLE solution scheme is used to adjust 

pressure and gas velocity to satisfy gas continuity [25]. The momentum, energy and 

pressure equations are solved with a conjugate gradient solver, and each particle 

momentum, motion and energy ordinary differential equations are solved directly. 

5.3 Computational model 

The simulated three-dimensional full-loop fast fluidized bed is shown in Fig.5-1, with 

the riser of 3.0 m in height and 0.1 m in inner diameter. At the top of riser, the gas and 

solids passed through a smooth elbow and then first separated in the primary cyclone, 

then further gas-solid separated and collected by secondary cyclone and bag filter. The 

solid mass flux is monitored at eight points, including riser exit, the inlet and outlet of 
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the cyclones, the top and bottom of the riser, the downer and the feedback valve as seen 

in Fig.5-1. 

 

Fig.5-1 Schematic diagram of the simulated three-dimensional full-loop fast fluidized 

bed. 
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Fig.5-2 Grid representation of the simulated three-dimensional full-loop fast fluidized 

bed. 

The pressure balance in the circulation loop can be represented as follow equation: 

(𝑃ଵ − 𝑃ଶ) + (𝑃ଶ − 𝑃ଷ) + (𝑃ଷ − 𝑃଺) + (𝑃଺ − 𝑃଻) + (𝑃଻ − 𝑃 ) + (𝑃 − 𝑃ଵ) = 0    

(5-30) 

where (P1-P2)refers to the pressure drop between the exit P2and the feedback point P1 

in the riser, (P2-P3) refers to the pressure loss due to the turning of the exist, (P3-P6) 

refers to the cyclone pressure drop between the inlet of the cycloneP3and the exit of the 

cyclone P6, (P6-P7) refers to the pressure drop from the free surface to top of loop seal 

of the downer, (P7-P8) refers to the pressure of the loop seal.  

 

5.4 Initial and boundary conditions 

The experimental data in this study are collected from chapter 3 and chapter 4 in a 

three-dimensional full-loop fast fluidized bed. Computational domain is based on the 

pilot scale experimental set-up seen in Fig.5-1. Grid representation of the simulated 

three-dimensional full-loop fast fluidized bed is shown in Fig.5-2. Other simulation 

conditions are based on the experimental work in Chapter 3 and summarized in table 

5-1. 

Table 5-1 Simulation conditions based on the experimental work in Chapter 3 

Parameters Value Parameters Value 

Diameter of riser 

(D) 
0.1 m Pressure  Atmospheric 

Height of riser (H) 3.0 m 
Normal particle-wall restitution 

coefficient (ewn) 

0.3[29] [31] 

Particle size (dp) 0.25 mm Tangential particle-wall 0.99 
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restitution coefficient (ewτ) 

Particle density 

(p) 
2650 kg/m3 Turbulent model LES 

Random close pack 

(εcp) 
0.58 Grid size 

14.3 mm+8 

mm 

gas viscosity(g) 1.84×10-5  Pa/s Time step (△t) 1×10-4 s 

Superficial gas 

velocity(ug) 
5.28 m/s Drag model 

Wen-Yu-Ergu

n 

Solid mass flux 

(Gs) 

20 kg/m2·s   

 

5.5 Determination of simulation parameters 

5.5.1 Grid size 

The grid size impact the accuracy of simulation directly, the size need be small enough 

to depict the small bubbles in the gas-solid flow accurately in the Eulerian-Eulerian 

method[1], which is quite different from that in MC-PIC method. The requirement of 

grid size in MC-PIC method is likely lower than that in the Eulerian-Eulerian method, 

but the determination of grid size is mostly by depending experience at present. 

In this work, different grid sizes were taken into account in the grid dependence tests, 

from coarse size, to medium size then to fine. The influence of grid size on the 

distribution of pressure, solid volume fraction distribution and solid mass flux are 

discussed. The grid size used in simulation is shown in Table 5-2. 
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Table 5-2 Grid size in simulation 

Case Grid size refinement 
Number of 

cells 

Simulation 

particle np 

Case 1 10.0 mm - 10837 1390 

Case 2 12.5 mm - 61762 1390 

Case 3 14.3 mm - 44361 1390 

Case 4 16.7 mm - 30299 1390 

Case 5 20.0 mm - 19639 1390 

Case 6 14.3 mm 8.0 mm 103525 1390 

 

Fig.5-3 shows the instantaneous distribution of solid volume fraction in fast fluidized 

bed under different grid size. As seen in Fig.5-3, with the increase of grid number, the 

inhomogeneous axial distribution of solid volume fraction in the riser occurs, and the 

slug in the packing region of the downer decreases. When the number of real particles 

in a simulation particle is kept constant, the flow characteristics can be better 

predicted with increasing grid number. However, when the grid size is smaller than 

14.3 mm, the flow structure in the riser changes very little. 
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                   (a)                          (b)                      (c) 
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                       (d)                      (e)                      (f) 

Fig.5-3 Influence of the grid size on instantaneous solid volume fraction distribution  

in the fast fluidized bed: 

(a) Case 1;(b) Case 2; (c) Case 3; (d) Case 4; (e) Case 5; (f) Case 6. 

 

Fig.5-4 illustrates the influence of grid size on the pressure drop. With the decrease of 

the grid size, the pressure drop in the riser declines gradually, while the pressure drop 

in the downer increases, and the particle packed height decreases. It can be explained 

that when the grid size is large, the slug likely occurs in the packing region, 

decreasing the pressure in the downer. Consequently, the balance in the fast fluidized 

bed is broken, the solid circulation is disrupted, and the solid mass flux decreases. 
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Fig.5-4 Influence of grid size on the pressure drop in a fast fluidized bed. 

 

                   (a)                                      (b) 

Fig.5-5 (a)Influence of grid size on the pressure distribution in the riser of a fast 

fluidized bed; (b) Influence of grid size on solid mass flux in a fast fluidized bed. 

Fig.5-5 (a) shows the pressure distribution in the riser of the fast fluidized bed with 

different grid size. The simulation result in case 5 shows a larger difference than the 

other cases compared to the experimental result. It may be due to the grid size set in 

case 5 was too large. It can be seen from Fig.5-5 (b) that the increase of grid size leads 

to lower solid mass flux. As the grid size decreasing, the slug in the packing region of 

the downer disappears, and the number of bubbles in that region decreases rapidly. 

When the grid size is lower than 14.3mm, the further decrease of grid size shows little 

influence on the solid mass flux and the pressure distribution of the riser. Refine the 
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mesh in the packing region of the riser, the bubbles in the packing region is gone. 

Moreover, when the grid size in the packing region of the riser is 8mm, the pressure 

distribution of the riser and the solid mass flux is in good agreement with the 

experimental result. 

In MP-PIC method, np refers to the real particles in each simulation particle, the value 

of np affect the accuracy and efficiency of the simulation directly. The lower the np is, 

the more accuracy the simulation result is. However, if the np is set too small, the cost 

of computation resource will increase significantly. The influence of np on the 

simulation is also discussed, when the np is 2780，1853，1390 and 950. The grid size 

is 14.3 mm and the refined grid is set at the packing region of the downer of 8 mm. 
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(a)                 (b)                  (c)               (d) 

Fig.5-6 Influence of np on instantaneous solid volume fraction distribution in fast 

fluidized bed:(a) np=2780; (b) np=1853; (c) np=1390; (d) np=950. 

It can be seen from Fig.5-6, with the increase of real particle number in a simulation 

particle, especially when np=2780 and np=1853, large slugs emerges in the downer. 
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The slugs disappear with decreasing np, while the solid volume fraction in the riser 

changes very little. 

Fig.5-7 shows the influence of np on the pressure drop in a fast fluidized bed. As np 

decreases, the pressure drop in the riser and downer increase slightly, but the 

influence on the pressure drop in the riser is greater. It can be seen that the influence 

of np on the flow structure is less significant than that of grid size. 

 

Fig.5-7 Influence of np on the pressure drop in a fast fluidized bed. 

 

                (a)                                            (b) 

Fig.5-8 (a) Influence of np on the pressure distribution in the riser of a fast fluidized 

bed; (b) Influence of np on the solid mass flux in a fast fluidized bed. 

As seen in Fig.5-8(a), the lower np leads to higher solid volume fraction in the bottom 

of the riser, and the simulation prediction is in better agreement with the experiment 
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result. From Fig.5-8(b), the solid mass flux increases significantly and then gradually 

with lower np, when np=1390, the solid mass flux can be well predicted. 

5.5.2 Close pack volume fraction 

 

                  (a)                 (b)                 (d)                 (e) 

Fig.5-9 Influence of random close pack cp on instantaneous particle distributions in a 

fast fluidized bed: (a)cp =0.55; (b)cp =0.58; (c)cp =0.60; (d)cp =0.63. 
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The random close pack cp is the maximum particle volume fraction when they are 

randomly packed. It is obvious that the particles in the lower part of downer and the 

loop seal are packing particles, thus the determination of the random close pack is 

crucial to the particle packing status. Moreover, the cp could affect the simulation of 

gas-solid drag coefficient, the profile of pressure gradient and the solid mass flux[1]. 

The influence of cp on gas-solid flow in fast fluidized bed is studied, with superficial 

gas velocity ug=5.28m/s，seal loop aeration rate Q1=10 kg/h，and the bed inventory  

M0=20 kg. The transient particle volume fraction profiles with various cp at steady 

simulation are presented in Fig.5-9. 

It is notable that the cp affects the solid volume fraction profile in the riser, but the 

influence of the cp is more obvious in the downer. It can be explained by that the 

downer is the packing zone at the beginning while the solid volume fraction in the riser 

is lower, but when the cp is too high, bubbles start to arise in the downer. Moreover, 

The influence of cp on the inner circulation is lower than result of Wang et al.[1], which 

is because the J valve adopted in our simulation is applicable to circulation system. 

 

Fig.5-10 Influence of random close packp on the pressure distributions. 
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                   (a)                                           (b) 

Fig.5-11 (a) The influence of cp on pressure distribution of the riser in a fast fluidized 

bed; (b) The influence of cp on the solid mass flux in a fast fluidized bed. 

It can be seen that cp influences the particle packed height in the downer, pressure 

distribution and solid mass flux significantly. Fig.5-10 shows that cp affects the 

pressure drop in the riser and downer and influences the solid mass flux. With higher 

cp, the pressure drop in the riser and the downer are significantly increased. As shown 

in Fig.5-11(b), the influence of cp on Gs first increases and then slows down. It can be 

seen that the influence of cp on the solid volume fraction in the upper riser is very 

small, while influence is greater for the solid volume fraction in the bottom, as seen in 

Fig.5-11(a). It is notable that when cp=0.58, the predicted Gs and the pressure 

distribution in the riser are in good agreement with experimental results. 
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5.5.3 Drag models 

 

                     (a)                       (b)                     (c) 
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                          (d)                     (e)                     (f) 

Fig.5-12 Influence of drag model on instantaneous particle volume fraction 

distributions in fast fluidized bed:(a) the Strokes model; 

(b) the Ergun model; (c) the Wen-Yu model; (d) the Wen-Yu-Ergun model; 

(e)the Richardson model; (f) the Turton-Levenspiel model. 
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In MP-PIC method, the interaction between the gas phase and particle phase is coupled 

through gas-solid drag model [4]. Moreover, the drag force is the primary force in the 

vertical direction, and the gas-solid interphase momentum exchange is significantly 

affected by drag force [26], which has influence on solid volume fraction in the riser 

directly. Thus, the determination of drag model is of significance to the simulation 

accuracy [27]. 

In our study, the most common drag model, e.g. the Strokes model, the Ergun model, 

the Wen-Yu model and the Wen-Yu-Ergun model are used in the simulation of the fast 

fluidized bed. Moreover, the drag coefficient and the profile of solid volume fraction 

vary with different drag models. 

The drag models are proposed for very different operating conditions, e.g. the Wen-Yu 

model is usually used for the solid volume fraction ranges from 0.01 to 0.61[21], while 

the Ergun model is limited to the solid volume fraction from 0.47 to 0.7[22], and the 

Strokes model is appropriate for the dilute slow flow of low Reynolds number[28]. The 

Gidaspow model is the combination of the Wen-Yu and Ergun models, which could 

cover a wide range of gas-solid flow from dilute flow to dense flow [23]. The flow 

structure of different gas-solid flow system changes with operating conditions, thus it is 

crucial to find a accurate drag model for the fast fluidized bed. 

In this case, the superficial gas velocity ug=5.28m/s, the seal loop aeration rate Q1=10 

kg/h, and the bed inventoryM0=20 kg. The transient solid volume fraction profiles 

under different drag models in a fast fluidized are shown in Fig.5-12. The simulation 

results of the Wen-Yu model and the Wen-Yu-Ergun model are similar, which predicts 

the solid volume fraction profile and the solid mass flux well for the fluidized bed. 

However, the fast fluidized bed is unlikely to achieve a stable flow using the Strokes 

model or Richardson model, as seen in Fig.5-12 (a) and (c).It is notable that big bubbles 
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can be observed in the loop seal of the downer in the Wen-Yu model and 

Turton-Levenspiel model. When drag force is increasing, the gas carrying capacity is 

enhanced, resulting in higher solid volume fraction and solid mass flux in the riser. 

Meanwhile, it is easier for the gas flows into the riser form big bubbles, which impede 

the circulation of the system [29]. It is obvious that different drag models exert various 

influences on pressure drop in the riser. It can be seen that Wen-Yu-Ergun model 

predicts higher solid volume fraction in the riser and higher pressure in the loop seal of 

the downer. The drag coefficient varies with different drag models. It is found that the 

increase in drag force leads to more solid inventory in the loop seal while the solid 

mass flux is still the same. Moreover, the Strokes model and the Richardson model are 

derived from the analysis of a single particle[28, 30], the prediction of drag coefficient of 

the two models are irrelevant to solid volume fraction. 

 

Fig. 5-13 Influence of drag model on the pressure drop in a fast fluidized bed. 

The influence of drag model on pressure drop in the fast fluidized bed is shown in 

Fig.5-13. It can be observed that the simulation results with Richardson and Stokes 

model underestimated the pressure drop in the riser. The pressure distribution by 

different drag models in the riser of a fast fluidized is shown in Fig.5-14(a), it can be 

seen that the Wen-Yu and Ergun-Wen-Yu model give the best prediction for the 



Chapter 5Three dimensional Eulerian-Lagrangian Simulation of the Fast Fluidized Bed 

- 123 - 

simulation pressure distribution compared with the experimental results, while the 

Turton-Levenspiel model and the Ergun model underestimate the pressure drop. The 

Wen-Yu model, the Ergun-Wen-Yu model and the Ergun model has close prediction to 

the experimental result. Fig.5-14(b) shows that the simulation results with Stokes and 

Richardson model have a great difference from the experimental result, which is in 

agreement with the results in Fig.5-13 and Fig.5-14(a). The solid mass fluxes 

predicted by Turton-Levenspiel model, Ergun-Wen-Yu model, Wen-Yu model and 

Ergun model fit well with the experimental result. In summary, the Ergun-Wen-Yu 

model is the most appropriate drag model in prediction gas-solid flow in the fast 

fluidized bed.  

 

                  (a)                                             (b) 

Fig.5-14 (a) Influence of drag model on the pressure distribution in the riser of a fast 

fluidized bed; (b) Influence of drag model on the solid mass flux in a fast fluidized bed. 

 

5.6 Conclusions 

A Eulerian-Lagrangian approach based on MP-PIC method was applied in the 

simulation of a fast fluidized bed with seal loop. The modelling parameters, including 

grid resolution, the number of particles per parcel, the drag model and the particle 
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close pack volume fraction have been systematically analysed and optimized. The 

conclusions are as follows: 

(1) The LES model was used as the turbulence model, while the particle phase is 

modelled as discrete particles, where the particle momentum equation is base the 

MP-PIC method. The real particles with the same properties are packed into 

computational particles (parcel), thus the dense gas-solid fluidization system can be 

analysed through a reasonable amount of particles. 

(2) Compared with the Eulerian-Eulerian method, the grid size adopted in MP-PIC 

method is larger. It is found that when the grid size is 14.3mm and the grid of the 

downer have been refined, the further decrease of grid size shows little influence on 

the pressure drop, solid volume fraction and solid mass flux. 

(3) When np=1390, the prediction of the flow structure and the pressure distribution of 

the fast fluidized bed is reasonable agree with the experimental results. Moreover, the 

further decrease of np has little influence on the simulation result. Therefore, np=1390 

is used in further simulation. 

(4) Different drag models show certain influence on the flow behaviour of fast 

fluidized bed. It shows that both Wen-Yu model and Wen-Yu-Ergun model can well 

predict the solid volume fraction and the solid mass flux, but big bubbles are observed 

in the downer for the Wen-Yu model. Therefore, the Wen-Yu-Ergun model is proved 

to be the optimum choice.  
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6.1 Introduction 

Only few simulation studies were presented for three-dimensional full-loop fast 

fluidized bed, and most of the simulations were for the Geldart A 

particles[1-4].Moreover, the influence of operating conditions on the flow behaviour 

should be further illustrated. A series simulation studies of particle clusters were 

proposed based on Eulerian-Eulerian method and Eulerian-Lagrangian method[5-7] 

Tsuji et al.[8]compared the simulation results of gas-solid flow in the riser based on 

DSMC method and two-fluid model, and found that the cluster number is larger in the 

DSMC method than in the two-fluid model. Moreover, the clusters size may increase 

with the riser size in DSMC method while disappear in the riser in two-fluid model.. 

However, due to the limitation of computational sources, most of the previous studies 

were conducted in two dimensional riser[3, 9-11]. Berrouk et al.[12] discussed the severe 

disadvantage of the phase coupling scheme used in the context of a two-dimensional 

DPM. The two-phase coupling scheme underestimated the pressure drop and result in 

erroneous prediction of the minimum fluidization velocity. Capecelatro et al.[13] found 

that the simulation of two dimensional riser may lead to unphysical accumulation of 

particles due to the restriction of particle motion in a plane, which may lead to an 

over-predict in volume fraction and velocity fluctuations. The radial motion of particles 

to avoid falling clusters is increased in the riser. Moreover, most of previous studies 

focus on the cluster structures, the study on the evolutionary processes of the clusters is 

limited.  

The MP-PIC method was applied in the simulation of a three-dimensional full-loop fast 

fluidized bed in this chapter, and the effect of operating conditions including superficial 

gas velocity ug, seal loop aeration rate Q1and bed inventory M0 on gas-solid flow 

characteristics was investigated. Moreover, the typical clusters structures were well 
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predicted, further illustrated the evolutional processes of particle cluster in the fast 

fluidized bed. The flow behaviour of particle cluster was studied by simulation method, 

revealing the distribution of solid volume fraction and the velocity of particle clusters. 

 

6.2 Flow behavior in three-dimensional full-loop fast fluidized bed 

In current study, the Eulerian-Lagrangian approach based on the multi-phase 

particle-in-cell (MP-PIC) methodology was applied in the simulation of the effect of 

operating conditions on the gas-solid flow behaviour of three-dimensional (3D) 

full-loop fast fluidized bed handling Geldart B particles. The model is validated with 

experimental data and acceptable agreement has achieved. 

Based on the experiment in Chapter 3, a simulated model of three-dimensional 

full-loop fast fluidized bed is established as shown in Fig.5-1. The influence of 

operating conditions on the flow behaviour of a fast fluidized bed is systematically 

studied. The simulation conditions are shown in Table 6-1 

Table 6-1 Simulation conditions 

Case ug (m/s) Q1(kg/h) M0(kg) dp Particle size 

Case 1 3.5 20 20 0.25 mm PSD 

Case 2 5.5 20 20 0.25 mm PSD 

Case 3 6.5 20 20 0.25 mm PSD 

Case 4 7.5 20 20 0.25 mm PSD 

Case 5 5.28 5 20 0.25 mm PSD 

Case 6 5.28 15 20 0.25 mm PSD 

Case 7 5.28 20 20 0.25 mm PSD 

Case 8 5.28 30 20 0.25 mm PSD 

Case 9 5.28 7.5 18 0.25 mm PSD 
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Case 10 5.28 10 18 0.25 mm PSD 

Case 11 5.28 20 18 0.25 mm PSD 

Case 12 5.28 30 18 0.25 mm PSD 

 

Table 6-2Key parameters and simulation conditions 

Parameters Value Parameters Value 

Diameter of riser 

(D) 
0.1 m 

Maximum momentum 

redirection from collision(αmax) 

40% 

Height of riser (H) 3 m 
Normal particle-wall restitution 

coefficient (ewn) 

0.3 

Particle size (dp) 0.25 mm 
Tangential particle-wall 

restitution coefficient (ewτ) 

0.99 

Particle density 

(p) 
2650 kg/m3 Turbulent model LES 

gas density (g) ideal gas law Grid size 
14.3 mm+8 

mm 

gas viscosity(g) 1.84×10-5  Pa/s Grid number 103525 

Superficial gas 

velocity(ug) 
3.5-7.5 m/s 

The number of simulation 

particles(Np) 

664004 

Solid mass flux 

(Gs) 

10-50 kg/m2·s 
The number of real particle per 

parcel(np) 
1390 

Random close pack 

(εcp) 
0.58 Time step (△t) 1×10-4 s 

Drag model Wen-Yu-Ergun   
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6.2.1 Influence of superficial gas velocity 

 

(a)                   (b)                  (c)                   (d) 

Fig.6-1Influence of the superficial gas velocity on transient solid volume fraction 

distribution in the fast fluidized bed (Q1=20 kg/h, M0=20 kg) 

(a)ug=3.5 m/s; (b)ug=5.5 m/s; (c)ug=6.5 m/s; (d)ug=7.5 m/s. 
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Fig.6-1 shows the transient solid volume fraction distribution in the fast fluidized bed 

under various superficial gas velocities. When superficial gas velocity ug=3.5 m/s, big 

bubbles form in the loop seal of the downer, which results in the instability of the 

circulation system. With the increasing of superficial gas velocity, the bubbles in the 

loop seal disappear. It can be explained by that higher superficial gas velocity leads to 

stronger carrying capacity of the gas flow, more and more particles are blew out of the 

riser, decreasing the solid volume fraction in the riser, especially for the dense bottom 

zone. Meanwhile, the distribution of solid volume fraction in the riser becomes more 

uniform. The increase of superficial gas velocity enhances the solid flow rate entrained 

into the downer, and the separation efficiency of primary cyclone declines, so more 

particles need be separated in the secondary cyclone. Moreover, the higher superficial 

gas velocity leads to higher slip velocity in the downer. 

 

Fig.6-2Influence of superficial gas velocity on the distributions of pressure in the 

whole loop (Q1=20 kg/h, M0=20 kg). 
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Fig.6-3Influence of superficial gas velocity on the distributions of pressure drop in the 

riser (Q1=20 kg/h, M0=20 kg). 

It can be seen from the Fig.6-2 that the pressure drop in the riser declines with 

increasing superficial gas velocity, due to the increase of pressure drop caused by the 

exit and the cyclones. With higher superficial gas velocity, the carrying capacity of gas 

flow is increasing. More particles are blew out of the riser and be separated by the 

cyclone into the downer, which leads to the decline of pressure drop in the riser. At 

lower superficial gas velocity, the increase of superficial gas velocity enhances the 

solid mass flux in the fast fluidized bed significantly. However, with further increasing 

superficial gas velocity, the increase in solid mass flux is slow down. When the ug is 

higher than 6.5 m/s, the increase of ug has very little influence on solid mass flux. The 

maximum solid mass flux is reached. Since the limitation of loop seal aeration rate Q1 , 

the carrying capacity of gas flow is limited. Fig.6-3 shows the distribution of pressure 

in the riser under different superficial gas velocities. The higher the superficial gas 

velocity is, the stronger the carrying capacity of gas flow is, and more particles can be 

blew out from the riser. Thus, the solid volume fraction in the riser was reduced with a 

more uniform distribution. Moreover, the higher superficial gas velocity resulted in 
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higher solid flow rate in the downer, when the loop seal aeration rate was kept constant, 

the slip velocity in the downer decreases. 

Fig.6-4 shows the radial distributions of time-averaged solid volume fraction under 

different superficial gas velocities. It was obvious that the solid volume fraction 

increased from the core region to the wall in the riser, which may be the result of 

formation of particle clusters in the wall region. When the superficial gas velocity 

increased from 3.5 m/s to 7.5 m/s, the core-annulus structure can always be observed in 

the riser of the fast fluidized bed. At lower superficial gas velocity, e.g. ug=3.5 m/s, a 

dense zone forms in the bottom of the riser, and the solid volume fraction in the riser 

decreases with riser height. Meanwhile, the core-annulus structure is obvious, but the 

radial distribution of solid volume fraction becomes more even gradually with riser 

height. With the increase of superficial gas velocity, the solid volume fraction in the 

center of the riser slowly declines, but the change along the riser weakens gently. It is 

notable that when ug=6.5 m/s and ug=7.5 m/s, clear core-annular structure and strong 

particle back-mixing can be observed in the top of the riser, which is inconsistent with 

previous study [14], this may be due the studies being conducted under different flow 

patterns. 

  

(a) (b) 
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(c) (d) 

Fig.6-4Influence of superficial gas velocities on radial profiles of the time-averaged 

solid volume fraction for different riser height (Q1=20 kg/h, M0=20 kg): 

(a) ug=3.5 m/s;(b) ug=5.5 m/s;(c) ug=6.5 m/s;(d) ug=7.5 m/s. 

Fig.6-5 shows the predicted spatial distribution of the transient axial particle velocity at 

various superficial gas velocities, the particles have been magnified by six times in the 

images. In Fig.6-5, when the superficial gas velocity ug=3.5 m/s, a large amount of 

falling particles can be observed in the bottom (h/H=0.15-0.25) of the riser, promoting 

the back-mixing of the particles. Moreover, the number of falling particles declines 

with increasing riser height. It is because that the gas-solid slip velocity increases with 

increasing superficial gas velocity, results in stronger acceleration in particles, 

enhancing the average particle velocity of the riser. 

It is obvious that the solid volume fraction in the lower part of the riser declines sharply 

and tends to be evenly with increasing superficial gas velocity. The back-mixing of 

particles weakens at higher superficial gas velocity, especially when ug=7.5m/s, only 

few falling particles can be observed, a small amount of high velocity particles appears 

in the top of the riser, which results in the inhomogeneous distribution of particle 

velocity. 
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Fig.6-5 Spatial distribution of the instantaneous axial particle velocity at various 

superficial gas velocities (Q1=20 kg/h, M0=20 kg). 

 

6.2.2 Influence of seal loop aeration rate 

The loop seal in the downer provides the pressure for the particles to feed back into the 

riser, and to avoid the gas flow in the riser entering the downer. To keep the stable 

circulation of particles, the pressure drop of loop seal of the downer should be large 

enough. The variation of loop seal aeration rates can change the solid circulation 

behaviours in the fast fluidized bed effectively. The loop seal aeration rate Q1 should be 

high enough to provide the energy for the particles to feed back into the riser, and keep 

a stable solid circulation. However, the Q1 should be kept under a maximum value or 
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the particles in the loop would start to fluidized. A series studies on the effect of 

aeration rate have been conducted by the researchers in and abroad [15,23-25]. In this work 

the flow structure of the fast fluidized bed at ug=5.28m/s is studied, with the aeration 

rate ranges from 5 kg/h to 30 kg/h. 

The effect of loop seal aeration rate on transient solid volume fraction distribution in 

the fast fluidized bed is shown in Fig.6-6. As shown in Fig.6-6, more and more particles 

have been entrained into the riser when the Q1 increases from 5kg/h to 15kg/h, and the 

solid volume fraction in the riser enhances remarkably. When further increases the 

aeration rate, the influence of aeration rate on the solid volume fraction in the riser 

weakens. 
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 (a)                   (b)                  (c)                   (d) 

Fig.6-6Influence of the loop seal aeration rate on instantaneous solid volume fraction 

distribution in the fast fluidized bed: 

(a)Q1=5 kg/h; (b)Q1=15 kg/h; (c)Q1=20 kg/h; (d)Q1=30 kg/h. 

The higher aeration rate leads to higher solid mass flux in the fast fluidized bed, and 

more particles are fed back into the riser. With the increase of solid volume fraction in 
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the riser, the pressure drop P1-P2 is increasing, as shown in Fig.6-7. Meanwhile, the 

pressure drop in the downer is enhanced, so a larger pressure drop provided by loop seal 

is needed to turn the particles into the circulation of the riser. As the number of particles 

in the riser is increasing, the slip velocity and the height of loop seal in the downer 

declines. Accordingly, the higher loop seal aeration rate is, the higher the pressure drop 

of the loop seal is, but the changes is decreasing. 

 

Fig.6-7Influence of seal loop aeration rate on the distributions of pressure in the whole 

loop. 

 

Fig.6-8Influence of seal loop aeration rate on the distributions of pressure drop in the 

riser. 
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The distributions of pressure drop in the riser under different loop seal aeration rates are 

shown in Fig.6-8. In the lower part of the riser, i.e. h＜0.5 m, the solid volume fraction 

is relatively high, while the particles are loosely dispersed in the upper part of the riser 

(h＞0.5 m). With Q1 increases from 5kg/h to 15kg/h, the solid volume fraction in the 

riser increasing remarkably. When further increase the aeration rate, the solid volume 

fraction in the lower part of the riser still increases, while the solid volume fraction in 

the upper part changes very little. 

  

(a) (b) 

  

     (c) (d) 

Fig.6-9 Influence of loop seal aeration rate on radial profiles of the time-averaged solid 

volume fraction for different riser height: 

(a) Q1=5 kg/h;(b) Q1=15 kg/h;(c) Q1=20 kg/h;(d) Q1=30kg/h. 
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As shown in Fig.6-9, the typical core-annulus solid volume fraction in the riser can be 

observed, but when the aeration rate is lower, e.g. Q1=5 kg/h, the solid volume fraction 

is distributed more evenly. With the increase of aeration rate, the solid volume fraction 

of the lower riser increases, especially for the wall region of the lower part. Meanwhile, 

the solid volume fraction also increases, this trend become more obviously with the 

riser height. When the aeration rateis further increased, the solid mass flux increases 

slightly, results in less obvious increase in solid volume fraction in the riser. When the 

Q1 is increased to 30 kg/h, the dense zone in the bottom of the riser expands, but the 

increase of solid volume fraction is declining along the riser. 

Fig.6-10 shows the spatial distribution of the transient axial particle velocity at various 

loop seal aeration rate, and the particles have been magnified by six times in the images. 

When Q1=5 kg/h, the back-mixing of particles is not notable since the amount of falling 

particles is small. However, as the aeration rate is increased to 15 kg/h, the number of 

falling particles increases significantly, but the number of falling particles decreasing 

along the riser. Meanwhile, the velocity of the particles in the centre of the riser is 

increased. When further increase the aeration rate, the back-mixing particles observed 

in the higher position of the riser, and the particles in the centre are accelerated 

significantly. It can be explained that the increase of aeration rate results in higher solid 

mass flux, which leads to more back-mixing particles. 
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Fig.6-10 Spatial distribution of the instantaneous axial particle velocity under various 

loop seal aeration rates. 

6.2.3 Influence of bed inventory 

Basu et al.[16]and Yanget al.[17] proposed that the bed inventory is crucial to the pressure 

balance in the circulation of fast fluidized bed, and affects the solid mass flux 

significantly. When the bed inventory increases, the pressure drops in the riser, the exit, 

the cyclones and the loop seal will all increases accordingly. As a consequence, a larger 

pressure drop in the downer is needed to balance the pressure variations in the 

circulation system. In this section, the effect of the bed inventory on the flow structure 

of the fast fluidized bed is studied. Fig.6-11 shows the effect of the bed inventory on 

transient solid volume distribution in the fast fluidized bed at fixed superficial gas 
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velocity and loop seal aeration rate. With increasing bed inventory, the solid volume 

fraction and the particle packed height increases, which is consistent with the result of 

Wang et al.[15] However, Kim et al.[18] found that the particle packed height decreases 

with increasing bed inventory. Moreover, Yin [19] found that when the bed inventory is 

too large, the connection between the downer and the cyclone may be blocked, which 

impedes the particle circulation of the system. The increase of pressure drop of the 

downer sends more particles into the riser to balance the pressure in the system. 

 

 



Chapter 6Simulation of Hydrodynamics in the Three-dimensional Full-loop Fast fluidized bed 

- 145 - 

 

 (a)                  (b)                 (c)                  (d) 

Fig.6-11Influence of the bed inventory on instantaneous solid volume fraction 

distribution in the fast fluidized bed: 

(a) M0=7.5 kg; (b)M0=10 kg; (c)M0=20 kg; (d)M0=30 kg. 
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Fig.6-12 Influence of bed inventory on the distributions of pressure in the whole loop. 

 

Fig.6-13 Influence of bed inventory on the distributions of pressure drop in the riser. 

  

  (a) (b) 
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(c)  (d) 

Fig.6-14Influence of bed inventory on the radial profiles of the time-averaged solid 

volume fraction for different riser height under: 

(a)M0=7.5 kg;(b)M0=10 kg;(c)M0=20 kg;(d)M0=30 kg. 
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Fig.6-15 Spatial distribution of the instantaneous axial particle velocity under various 

bed inventories. 

It can be seen from Fig.6-12 that the pressure drop in the riser changes very little with 

bed inventories. The pressure drop of the loop seal and solid mass flux varies constantly 

to keep the pressure balance of the fast fluidized bed system. At fixed superficial gas 

velocity and loop seal aeration rate, the increase of bed inventory leads to the 

enhancement of loop seal of the downer. Meanwhile, the P8 at the bottom of the downer 

increases, driving more and more particles to circle back to the riser. Consequently, the 

pressure drop of the riser and the solid mass flux increase. However, when the solid 

mass flux reaches the maximum, the further increase of the bed inventory has no 

influence on the solid mass flux, and the stable circulation in the fast fluidized bed is 

destroyed[19]. As shown in Fig.6-13, the solid volume fraction varies very little with 

different bed inventories when the superficial gas velocity is kept constant. With the 

increase of bed inventory, the solid volume fraction in the wall region of lower riser 

increases. However, the solid mass flux changes little with increasing bed inventory, 

therefore the axial distribution of solid volume fraction have little difference, as shown 

in Fig.6-14. Fig.6-15 shows the spatial distribution of the transient axial particle 

velocity under various bed inventories. It is notable that when the bed inventory 

increase, the velocity of particles in the middle of the riser increases, especially when 

h/H=0.75. 

 

6.3 Modeling of particle clusters in the fast fluidized bed 

The geometry of the riser (H=1.5m) is shown in Fig.6-16, and the key parameters and 

simulation conditions are listed in Table 6-3. 
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Table 6-3 Key parameters and simulation conditions 

Parameters Value Parameters Value 

Diameter of riser 

(D) 
0.1m 

Maximum momentum 

redirection from collision(αmax) 

40% 

Height of riser (H) 1.5 m/3.0 m 
Normal particle-wall restitution 

coefficient (ewn) 

0.3 

Particle size (dp) 0.25 mm 
Tangential particle-wall 

restitution coefficient (ewτ) 

0.99 

Particle density 

(p) 
2650kg/m3 Turbulent model LES 

gas density (g) ideal gas law Grid size 6 mm 

gas viscosity(g) 1.84×10-5 Pa/s Grid number 51840 

Superficial gas 

velocity(ug) 
5.28m/s 

The number of simulation 

particles(Np) 

622080 

Solid mass flux 

(Gs) 

57.5 kg/m2·s 
The number of real particle per 

parcel(np) 
65 

Random close pack 

(εcp) 
0.58 Time step (△t) 1×10-4 s 

Drag model Wen-Yu-Ergun   
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(a) (b) 

Fig.6-16 (a) Geometry of the riser in fast fluidized bed; 

 (b) Snapshot of particle cluster in the simulation. 

6.3.1 Validation of simulation 

Fig.6-17 shows the comparison of simulation results and the experimental cluster 

structures in the riser: (a) Stripe-shaped cluster, (b) Saddle-shaped cluster and (c) 

U-shaped cluster, where the simulation images are from the riser at h=1.15-1.4 m, and 

the experimental images are from the results in chapter 3. The simulation results are in 
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good agreement with the experiments. That is, the simulation method can well predict 

the clusters in the fast fluidized bed.  

 

                   (a)                        (b)                         (c) 

Fig.6-17 Comparison of simulated and experimental of cluster structures: 

(a)ug=5.28 m/s,Gs=57.5 kg/(m2s),dp=0.25 mm ; (b)ug =5.28 

m/s,Gs=57.5kg/(m2s),dp=0.25 mm ;(c)ug =5.28 m/s,Gs=57.5 kg/(m2s),dp=0.25 mm. 
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6.3.2 Cluster structures and evolutionary processes 

 

                  (a)        (b)        (c)         (d)         (e)         (f) 

Fig. 6-18 The simulated evolutionary processes of the stripe-shaped cluster 

(Δt=0.1s, ug =5.28 m/s,Gs=57.5 kg/(m2s),dp=0.25 mm ). 

Fig.6-18 shows the simulated evolutionary processes of the stripe-shaped cluster at 

wall region of h=1.0 m to1.5 m of the riser. The stripe-shaped cluster is the most 

common cluster in the wall region of the riser. As shown in Fig.6-18, the length of the 

stripe-shaped cluster in the simulation is in good agreement with the experimental 

results, ranging from 300mm to 1000mm. In Fig.6-18 (a), the micro clusters encounter 

the upward particles and interact with the upward particle flow due to the instability of 

particle flow. As shown in Fig.6-18 (b)(c), The particle streams move upward 

continuously and interact with the micro clusters. The disperse particles aggregate with 

the micro cluster at the interface, forming stripe-shaped dense particle zone where 

stripe-shaped clusters start to take shape, as seen in Fig.6-18 (d). Meanwhile, the 

particles are further compacted and the solid volume fraction of particle clusters 

increases, the upward particle streams accumulate at the interfaces where they 
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encounter with stripe-shaped clusters, which promote the development of the saddle 

shaped clusters, as seen in Fig.6-18 (e) and (f).  

Fig.6-19 shows the simulated evolutionary processes of the stripe-shaped cluster at the 

wall region of the riser. As seen in Fig.6-19 (a), the micro clusters on the left side are 

entrained by the gas-solid flow. Meanwhile, the upward micro clusters encounter the 

particle streams on the right side, resulting in energy dissipation of the particles in the 

micro cluster and aggregating with the stripe-shaped cluster, as seen in Fig.6-19 (b). 

Due to the particle aggregation, the pressure around the particle clusters is decreased. 

Consequently, the disperse particles move toward the particle clusters and aggregate 

with them, which enhance the solid volume fraction of particle clusters. As the 

momentum of the downward particle stream is larger than that of the upward particle 

stream, the saddle-shaped cluster will move downward with a slow velocity, as shown 

in Fig.6-19 (c) (d). Meanwhile, the saddle-shaped cluster collapses and coalesces with 

strip-shaped cluster constantly, thus the energy of particles decreases and form a 

low-pressure area, which draw the surrounding particles toward saddle-shaped cluster, 

as in Fig.6-19 (e), further increases the solid volume fraction of particle clusters. Shown 

in Fig.6-19 (f), when particle stream with large momentum crashes the saddle-shaped 

cluster, the cluster is then carried by the particle stream until it is destroyed.  
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(a)        (b)        (c)        (d)         (e)         (f) 

Fig. 6-19 The simulated evolutionary processes of the saddle-shaped cluster 

(Δt=0.1s, ug =5.28 m/s,Gs=57.5 kg/(m2s),dp=0.25 mm ). 

Fig.6-20 demonstrates the simulated evolutionary processes of the U-shaped cluster at 

the wall region of the riser. As seen in Fig.6-20 (a), when some particle clusters grow to 

a large size and overbalance the carrying capacity of the gas flow, they collapse from 

the clusters and fall down. The falling particles encounter the particle cluster on the 

right side, the U-shaped cluster begin to take shape, as in Fig.6-20 (b). However, the 

gas-solid jet on the left side keeps crashing the particle cluster and decreases the solid 

volume fraction of it, which slows down the dropping of the particle cluster, as in 

Fig.6-20 (c). It can been from Fig.6-20 (d) that as the disperse particles accumulate in 

the low-pressure region of the inner U-shaped cluster, the solid volume fraction of 

U-shaped clusters keep increasing. When the particle cluster overbalances the carrying 

capacity of gas flow, the U-shaped cluster will restart falling and develop, as in Fig. 

6-20 (e) (f). 
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     (a)        (b)         (c)        (d)         (e)         (f) 

Fig. 6-20 The simulated evolutionary processes of the U-shaped cluster 

(Δt=0.1s, ug =5.28 m/s,Gs=57.5 kg/(m2s),dp=0.25 mm ). 

6.4 Flow characteristics of particle clusters 

The identification of particle cluster is developed from the criterion proposed by 

Soonget al.[20] and Sharmaet al.[21], which is: 

   εୡ୪ = 𝜀ୟ୴ୣതതതതത + 2𝜎 (6-1) 

Fig.6-21 is the distributions of average solid volume fraction and average velocity of 

particle clusters under different riser height. It can be seen from Fig.6-21 (a) (b), the 

average solid volume fraction of particle clusters increases from the center of the riser 

to the wall region, which is consistent with previous study [5] . In Fig.6-21 (c) (d), it 

can be seen that the average velocity of particle cluster increases with higher riser 

height. The velocity of particle cluster in the center is positive, while the velocity of the 

particle cluster in the wall region is negative.  
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6.4.1Radial distribution of solid volume fraction and velocity of particle cluster 

 

                  (a)                                 (b) 

 

                   (c)                                (d) 

Fig.6-21 Radial distribution of average solid volume fraction of particle cluster: 

(a) H =1.5 m, ug =5.28 m/s,Gs=57.5 kg/(m2s),dp=0.25 mm; 

(b)H =3.0 m, ug =5.28 m/s,Gs=57.5 kg/(m2s),dp=0.25 mm; 

Radial distribution of average velocity of particle cluster: 

(c)H =1.5 m, ug =5.28 m/s,Gs=57.5 kg/(m2s),dp=0.25 mm; 

(d) H =3.0 m, ug =5.28 m/s,Gs=57.5 kg/(m2s),dp=0.25 mm. 

Moreover, the descending velocity of particle clusters is lower than 1m/s, which is very 

close to the experiment result in chapter 3, and consistent with previous simulation 

study by Liu et al.[22]. It is obvious that most of the particle clusters are carried by the 

upward gas flow under the operating condition, while only small account of particle 
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clusters in the wall region may move upward and downward from time to time. As 

shown in Fig.6-21(b), when increase the length of the simulated riser, the solid volume 

fraction of particle clusters become more evenly distributed at the axial direction, 

particle cluster with high solid volume fraction can only observed in the wall region. 

Meanwhile, the distribution of particle clusters solid volume fraction for different 

height riser follow similar trend, but the solid volume fraction at the same position is 

higher of 3.0m riser than that of 1.5m riser. The average velocity particle cluster in 

longer riser at certain position is lower than that in the short riser at the same position.  

 

6.4.2 Axial distribution of solid volume fraction and velocity of particle cluster 

  

 (a)  (b) 

  

(c)     (d) 

Fig. 6-22 Axial distribution of average solid volume fraction of particle cluster: 
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(a)H =1.5 m, ug =5.28 m/s,Gs=57.5 kg/(m2s),dp=0.25 mm; 

(b)H =3.0 m, ug =5.28 m/s,Gs=57.5 kg/(m2s),dp=0.25 mm; 

Axial distribution of average velocity of particle cluster: 

(c)H =1.5 m, ug =5.28 m/s,Gs=57.5 kg/(m2s),dp=0.25 mm; 

(d)H =3.0 m, ug =5.28 m/s,Gs=57.5 kg/(m2s),dp=0.25 mm. 

Fig.6-22 is the axial distribution of cross-sectional average solid volume fraction and 

velocity of particle clusters. The average solid volume fraction decreases with 

increasing riser height, as seen in Fig.6-22 (a)(b). Moreover, it can be seen that the solid 

volume fraction of particle clusters in the lower riser increases with the increasing 

length of the riser, while that in the upper riser changes very little. As in Fig.6-22 (c)(d), 

the average velocity of particle clusters increases rapidly at first and then become stable 

with riser height, while the result of Liu et al.[22]shows that the velocity of particle 

clusters increases with the riser height gradually, which may be explained by that the 

simulation is conducted in a two-dimensional geometry. 

 

(a)                                         (b) 

Fig.6-23 Influence of average cross-sectional solid volume fraction on solid volume 

fraction of particle cluster: 

(a)H =1.5 m, ug =5.28 m/s,Gs=57.5 kg/(m2s),dp=0.25 mm; 

(b)H =3.0 m, ug =5.28 m/s,Gs=57.5 kg/(m2s),dp=0.25 mm. 
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Fig.6-23(a)(b) are the effect of average cross-sectional solid volume fraction on solid 

volume fraction of particle cluster for different riser length. It is obvious that the solid 

volume fraction of particle clusters has a positive relationship with the average 

cross-sectional solid volume fraction, which is in good agreement with the prediction of 

experiment by Harris et al.[23]. 

 

6.5 Conclusions 

The MP-PIC method was applied in the simulation of a three-dimensional full-loop fast 

fluidized bed in this chapter, and the effect of operating conditions including superficial 

gas velocity ug, seal loop aeration rate Q1and bed inventory M0 on gas-solid flow 

characteristics were investigated. Moreover, the typical clusters structures were well 

predicted, further illustrated the evolutional processes of particle cluster in the fast 

fluidized bed. The flow behavior of particle cluster was studied by simulation method, 

revealing the distribution of solid volume fraction and the velocity of particle clusters. 

The follow conclusions can be drawn: 

(1) The superficial gas velocity plays the dominant role on the gas-solid flow 

characteristics among three factors. The increase of superficial gas velocity leads to 

remarkably decrease in the solid volume fraction of the riser. Meanwhile, the solid 

volume fraction of the riser becomes better distributed axially and radially. 

(2) With the increase of seal loop aeration rate, the solid mass flux and the solid volume 

fraction are increasing, and the increase become more visible with riser height. 

Meanwhile, the particle velocity in the center of the riser is enhanced while that in the 

wall region is declined.   

(3) As the bed inventory increases, the solid volume fraction of the lower riser is 

increasing, and the particle velocity is also increased. When the bed inventory increases 
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at fixed superficial gas velocity, the solid mass flux has little change. Notably, the 

connection between the downer and the cyclone may be blocked by excessive bed 

inventory, which impedes the solid circulation of the system.  

(4) Based on MP-PIC method, the meso-scale flow structure of the fast fluidized bed is 

studied. Three typical patterns of particle clusters, i.e. stripe-shaped cluster, 

saddle-shaped cluster and U-shaped cluster were identified, revealing the evolutional 

processes of particle clusters.  

(5) The distribution of cross-sectional average solid volume fraction and solid volume 

fraction of particle clusters shows similar trend in the shaped of U, while the 

distribution of velocity of particle clusters shows a reverse trend. With the increase of 

riser height, the volume fraction of particle clusters decreases gradually while the 

velocity of particle clusters is increasing, but the changes slow down with the riser 

height. 
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7.1 Conclusions remarks 

The thesis focused on revealing the flow meso scale in fast fluidized bed, i.e. the flow 

structures and transitions, the cluster structures and behaviour. 

The thesis investigated flow behaviour under various operating conditions and particle 

properties and developed the flow regime map for fast fluidized bed handling Geldart B 

particles. Moreover, the cluster characteristics including cluster structures, size, velocity 

and distribution feature have been investigated, four types of particle cluster and their 

typical evolutionary processes were proposed and illustrated. 

The MP-PIC method was applied in the simulation of a three-dimensional full-loop fast 

fluidized bed in this chapter, and the effect of operating conditions including superficial 

gas velocity ug, seal loop aeration rate Q1and bed inventory M0 on gas-solid flow 

characteristics were investigated. Moreover, the typical clusters structures were well 

predicted, further illustrated the evolutional processes of particle cluster in the fast 

fluidized bed. The flow behaviour of particle cluster was studied by numerical 

simulation method, which indicates the distribution of solid volume fraction and the 

velocity of particle clusters. 

The following are the highlights of conclusions drawn from this research. 

7.1.1 Experimental work 

(1) The flow structures from low velocity fluidization to high velocity fluidization in a 

fast fluidized bed have been investigated, and five distinct flow patterns were identified. 

With increasing superficial gas velocity at various static bed heights, the flow patterns 

transit from bubbling flow (BF), to slug flow (SF) and to turbulent flow (TF). When the 

superficial gas velocity exceeds transition velocity utr , with increasing solid mass flux, 

the flow patterns transit from dilute phase flow (DPF) to fast fluidization (FF). 
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(2) The gas-solid slip characteristics are closely related to the superficial gas velocity 

and solid volume fraction. With increasing superficial gas velocity at constant solid 

volume fraction, the slip velocity increases accordingly. Moreover, the particle size 

shows no influence on the impact of solid volume fraction on slip velocity, and the solid 

volume ration shows exponential relationship with dimensionless slip velocity. The 

variation of slip characteristics of Geldart B particles and Geldart A particles have 

similar tendency and the relations between slip characteristics and operating conditions 

could be represented by empirical equations. 

(3) The variation of pressure gradient and images captured by a high resolution digital 

CCD camera were used to identify and analyse the flow patterns of high velocity 

fluidization in a fast fluidized bed. Two flow patterns in high velocity fluidization were 

identified, i.e. dilute phase flow and fast fluidization, and the flow characteristics were 

further investigated. Moreover, a typical flow pattern diagram of a fast fluidized bed 

was plotted, and the equation for transition velocity was proposed to further illustrate 

the flow structures in high velocity fluidization. 

(4)In the riser of the fast fluidized bed with Geldart B particles, four typical cluster 

structures, namely the macro-scale stripe-shaped cluster, saddle-shaped cluster, 

U-shaped cluster and the micro cluster are commonly found in the core-annulus flow 

regime, while only stripe-shaped cluster and micro clusters mainly forms in the dilute 

flow regime. Macro clusters with clear shapes start to appear in the region which is 

higher than about1/4 of the riser height. 

(5) Particle clustering in fast fluidized bed may be due to the cohesive forces, the loss of 

momentum and the hydrodynamic forces. The average cluster size increases with 

increasing superficial gas velocity and particle size, however decreases with growing 

solid mass flux in the riser. When particle size is small, the effect of superficial gas 
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velocity on the average cluster size becomes less obvious, especially for particles less 

than 0.100 mm. The average cluster size usually presents a significant increase with the 

axial height varying from 1/5 to 1/3 of riser height, and then varies slightly with height 

in the higher region. It was found that for the large particles, the particles clusters 

changes with superficial gas velocity and solid mass flux, so the hydrodynamic forces 

plays an important role in promoting particle clustering. However, for the small 

particles, the cohesive forces may also have a significant effect on particle clustering. 

(6) The cluster time fraction decreases with increasing superficial gas velocity and 

particle size, while it increases with rising solid mass flux. The effects of operating 

conditions on cluster time fraction also become less obvious for small particles. The 

cluster time fraction in the lower region is much higher than that of the higher bed. 

7.1.2 Simulation work 

(1) The superficial gas velocity plays a dominant role on the gas-solid flow 

characteristics in three perspectives. The increase of superficial gas velocity leads to 

remarkably decrease in the solid volume fraction of the riser. Meanwhile, the solid 

volume fraction of the riser becomes better distributed axially and radially. 

(2) With the increase of seal loop aeration rate, the solid mass flux and the solid volume 

fraction are increased accordingly, and the increase magnitude becomes more visible 

with the height of the riser. Furthermore, the particle velocity in the centre of the riser is 

increased while that in the wall region is declined.   

(3) As the bed inventory increases, the solid volume fraction of the lower riser 

demonstrates an increasing trend, and the particle velocity is also increased. When the 

bed inventory increases at fixed superficial gas velocity, the solid mass flux keeps 

constant. Notably, the connection between the downer and the cyclone may be blocked 

by excessive bed inventory, which impedes the solid circulation of the system.  
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(4) Based on MP-PIC method, the meso-scale flow structure of the fast fluidized bed 

was studied. Three typical patterns of particle clusters, i.e. stripe-shaped cluster, 

saddle-shaped cluster and U-shaped cluster were identified, and the evolutional 

processes of particle clusters were also illustrated.  

(5) The distribution of cross-sectional average solid volume fraction and solid volume 

fraction of particle clusters shows similar trend in the shaped of U, while the 

distribution of velocity of particle clusters shows a reverse trend. With the increase of 

riser height, the volumefraction of particle clusters decreases gradually while the 

velocity of particle clusters is increasing, but the changes slow down with the riser 

height. 

 

7.2 Future work 

7.2.1 Experimental work 

(1) The research of characteristics of particle clusters is conducted in a fast fluidized 

bed, while particle clusters can also be observed in the high-flux circulating fluidized 

bed. Moreover, the effect of structure of fluidized bed on particle clusters should also 

be considered. Therefore, the characteristics of particle clusters in the high-flux 

circulating fluidized bed and that under different fluidized bed should be further 

studied. 

(2) The study of the characteristics of particle clusters are presented under atmospheric 

conditions, so the further study of particle clustering behaviour can be conducted at 

different pressures. 

(3) The study on the effect of particle properties on the characteristics of particle 

clusters is limited, and it is notable that the formation mechanisms for particle clusters 



Chapter 7Conclusions and Recommendations for Future Work 

- 169 - 

with various particle diameters is quite different, the influence of particle properties on 

the particle cluster characteristics should be further investigated. 

7.2.2 Simulation work 

(1) The numerical simulation studies of particle clusters under different structures of 

riser and operating conditions could be conducted, which can provide more information 

for the design and optimization of fast fluidized bed system. 

(2) Most of the studies on particle clusters in fast fluidized bed are simulated under 

atmospheric pressure conditions, the influence of temperature, pressure and chemical 

reactions can be coupled in the future simulations. 
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